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ABSTRACT 
A 1-FM wellhead generator was tested i n  1980, 1981, and 1982 by Mexico, 
I t a l y ,  and N e w  Zealand a t  Cerro Prieto, Cesano, and Broadlands, respectively. 
These tes ts  were performed w i th  the pa r t i c i pa t i on  o f  t he  U.S. Department o f  
Energy, the  Hydrothermal Power Co., Ltd., and the Je t  Propulsion Laboratory, 
under the  auspices o f  t he  In ternat ional  Enerqy Agency. The t o t a l  f l o w  h e l i c a l  
screw expander portable power plant,  Hodel 76-1, had been b u i l t  f o r  the U.S. 
Government and f ie ld- tested i n  Utah, USA, i n  1978 and 1979. The expander had 
oversized in te rna l  clearances designed fo r  self-cleaning operation on f l u ids  
tha t  deposit adherent scale normally detrimental t o  the u t i 1  i z a t i o n  o f  1 iquid- 
dominated f ie lds .  Conditions w i th  which the expander was tested included i n l e t  
pressures o f  64 t o  220 psia, i n l e t  qua l i t i es  o f  0% t o  loo%, exhaust pressures 
o f  3.1 t o  40 psia, e l e c t r i c a l  loads o f  i d l e  and 110 t o  933 kU, e l e c t r i c a l  f re-  
quencies o f  50 and 60 Hz, male ro to r  speeds o f  2500 t o  4000.rpm, and f l u i d  
character is t ics  t o  310,000 ppm t o t a l  dissolved so l ids  and noncondensables t o  38 
w t  X ot the  rapor. Some t e s t i n g  was done on-grid. Typical expander isent rop ic  
e f f i c iency  was 40% t o  50% wi th  the clearances not closed, and 5 percentage 
points or more higher w i th  the clearances p a r t l y  closed. The expander e f f i -  
ciency increased approximately logar i thmica l l y  w i th  shaft power for most opera- 
t ions, whi le i n l e t  qual i ty ,  speed, and pressure r a t i o  across the machine had 
only small ef fects.  These f ind ings are a l l  i n  agreement w i t h  the Utah t e s t  
resul ts.  Condensing tes ts  produced lower machine e f f i c i enc ies  but also lower 
flowrates per kW o f  e l e c t r i c i t y  produced. Based on operating resu l ts  and 
cost/benef i t  analyses i n  corngarison w i th  1-Fw turb ine generators, Mexico and 
I t a l y  rated the screw expander power p lant  as su i tab le f o r  noncondensing ser- 
v ice i n  some liquid-dominated f ie lds,  although the u n i t  tested needs shaft seal 
repa i r  before i t  i s  returned t o  service. Inprovements o f  the shaft seal f lush  
water system and the  speed control  system are important, and c los ing of the  
ro to r  clearances, e i t he r  through manufacturing changes or  operating changes, i s  
necessary for  best performance. Lower pr ices through mass production would 
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SUmARY 
A. GENERAL 
A 1-MW wellhead generator was tested i n  Mexico, I t a l y  and New Zealand as 
par t  o f  t h e  In ternat ional  Energy Agency ( I E A )  programme o f  research, develop- 
ment and demonstrat ion on geothermal equipment. The we1 1;iead generator used i n  
the  tes ts  was a t o t a l  f low he l i ca l  screw expander (HSE) portable power plant, 
Model 76-1, which had been b u i l t  f o r  the  U.S. Government and f ie ld - tes ted  i n  
Utah, USA, i n  1978 and 1979. The HSE was designed w i th  oversized in te rna l  
clearances f o r  the  specif ic purpose o f  operating on mineralized geothermal 
f l u i d s  t h a t  deposit adherent scale normally detrimental t o  u t i l i z a t i o n .  The 
t e s t  a c t i v i t i e s  w i th  the  HSE i n  Mexico were conducted a t  Cerro P r ie to  by the 
Comision Federal de E lec t r i c idad (CFE) using wel l  M-11  from December I979 
through A p r i l  1981. I n  I t a l y  the  tes ts  were conducted by the  Ente Nazionale 
per 1'Energia E l e t t r i c a  (ENEL) a t  Cesano 1 wel l  from Ju ly  1981 t o  June 1982. 
Those tes ts  i n  New Zealand were performed by the  M in i s t r y  o f  Works and Develop- 
ment (MWD) a t  t h e  Broadlands f i e l d  w i th  wel l  BR 19 from September 1982 t o  June 
1983. The U.S. Department o f  Energy (DOE) par t i c ipa ted  i n  the  tes ts  w i th  the 
assistance o f  t h e  Hydrothermal Power Co., Ltd. (HPC) (manufacturer o f  the  power 
p lan t ) ,  and the  Je t  Propulsion Laboratory (JPL). The HSE power p lan t  was made 
avai lab le by t h e  U.S. Department o f  Energy for t he  tes ts  i n  these other 
countr ies a f t e r  it was determined t h a t  small power p lants  i n  the HSE s i ze  range 
most l i k e l y  t o  be b u i l t  could have in te rna t iona l  u t i l i t y .  A t o t a l  t e s t  
summary, inc lud ing the  tes t i ng  i n  the  USA, i s  l i s t e d  i n  Table S-1. 
Table S-1. HSE Power Plant Total Test Summary 
Power Product ion T ime  
Location and Year h Zh 
Ca l i fo rn ia ,  USA 1977* 
Utah, USA 1978 
Utah, USA 1979 
Mexico 1980 
Mexico 1981 
I t a l y  1981 
I t a l y  1982 
New Zealand 1982 




















kWh C kWh 









* Acceptance t e s t  using compressed a i r  a t  factory. 
x i  
The work i n  Mexico, i t a l y  and New Zealand conformed t o  the I E A  programme 
objectives t o  accelerate the development o f  geothermal resources through ear ly  
in t roduct ion o f  advanced geothermal energy conversion technology. The t e s t  
objectives f3r each country were t o  assess the performance and r e l i a b i l i t y  o f  
the  wellhead generator and t o  assess the a p p l i c a b i l i t y  o f  the power p lant  t o  
the t e s t  s i t e  or an appropriate a l te rna t ive  s i t e  w i th in  the country. The 
assessment o f  a p p l i c a b i l i t y  was based on costs and benef i ts  o f  the HSE power 
p lant  i n  comparison with a tu rb ine  generator set o f  the same 1-MW size, both i 
noncondensing operation. The HSE power p lant  cost tha t  was used was fo: a 
one-of-a-kind machine and was not the cost o f  a production model. 
The performance tes t ing  i n  the I E A  programme encompassed a wide range o f  
operating condit ions i n  order t o  map the operational character is t ics  o f  the 
HSE. The t e s t  parameters tha t  were varied were the i n l e t  pressur' i n l e t  steam 
qual i ty ,  exhaust pressure, e l e c t r i c a l  load, e l e c t r i c a l  frequency, male ro to r  
speed, and geothermal f l u i d  propert ies, a l l  i n  various combinations. The 
ranges were as follows: 
I n l e t  pressure (psia) 
I n l e t  q u a l i t y  (%) 
Exhaust pressure (psia) 
E lec t r i ca l  load (kW) 
E l e c t r i c a l  frequency (Hz) 
Male r o t o r  speed (rpm) 
Total dissolved sol i d s  (ppm) 
Noncondensables (wt % of vapor) 
64 t o  220 
0 t o  100 
3.1 t o  40 
i d l e  and 110 t o  933 
50 and 60 
2500, 3000, 3333 and 4000 
low t o  310,000 
low t o  38.0 
The isentropic e f f i c iency  o f  the he l i ca l  screw expander was taken as the 
primary measure of performance o f  the power plant. This e f f i c iency  compares 
the  actual expander w i th  an ideal expander operating over the same pressure 
in terva l  and i s  commonly known as machine ef f ic iency.  E f f i c iency  values i n  t h e  
range of 40% t o  55% were demonstrated as t yp i ca l  f o r  the machine as tested. 
The desired c los ing o f  the oversized in ternal  clearances w i th in  t h e  HSE was not 
achieved during these tes ts  and so the performance of  the HSE w i t h  the clear- 
ances reduced t o  w i th in  norinal l i m i t s  f o r  t h i s  type o f  machine was xt detcr- 
mined at  any s i te .  I n  I t a l y ,  despi te very rap id scale growth, the expected 
tests  w i th  small clearances were not possible because the scale d i d  not remain 
on the rotors. Machine e f f i c iency  was found t o  be around 45%, wel l  below the 
65% t o  68% l i m i t  predicted by ENEL f o r  operation wi th  small clearances using a 
theoret ica l  model o f  machine performance based OR an analysis o f  the Utah and 
Mexico t e s t  data. However, without tests  wi th  small clearances, the per for -  
mance avai lable w i th  t h i s  HSE remains unknown. 
Endurance t e s t s  made t o  assess the r e l i a b i l i t y  contr ibuted t o  the deter- 
mination o f  performance. I n  New Zealand the growth o f  a very t h i n  layer o f  
scale on the rotors  during 1632 hours o f  endurance tes t ing  resul ted i n  a 3.5 
percentage-point improvement i n  the ef f ic iency.  A t  the end of  the t e s t  the 
e f f i c iency  was 46.5% and evident ly s t i l l  increasing. 
determined during the endurance t e s t  i n  Mexico but the amount o f  increase was 
uncertain. The corresponding amount o f  scale growth achieved t o  p a r t l y  close 
the  oversized clearances was also uncertain but small . 
A greater improvement was 
.i 
For many operat ing condi t ions the expander e f f i c i e n c y  increased approxi- 
mately l oga r i t hm ica l l y  w i th  shaf t  power. I n l e t  q u a l i t y  and t h e  r a t i o  o f  i n l e t  
t o  o u t l e t  pressure had a small in f luence on the  ef f ic iency.  The optimum speed 
var ied  w i th  shaf t  power, but  again the  in f luence was small i n  t he  range tested. 
Because o f  t he  number o f  parameters t h a t  in f luence the  e f f i c i ency ,  c o r r e l a t i o n  
of t he  data was d i f f i c u l t .  Therefore, f o r  some purposes it was convenient t o  
p l o t  the e f f i c i e n c y  o f  the HSE as a funct ion of the  most important var iab le,  
sha f t  power, and l e t  t h e  e f f e c t  o f  t he  other var iab les appear as data sca t te r ,  
although many o f  the  measurements t h a t  appear t o  be scat tered i n  t h i s  treatment 
were ac tua l l y  q u i t e  reproducible. By t h i s  and s i m i l a r  methods o f  cor re la t ion ,  
representat ive e f f i c i e n c i e s  were determined f o r  each t e s t  s i t e .  With bare 
r o t o r s  and oversized clearances f o r  noncondensing operation, these e f f i c i e n c i e s  
ranged from 40% i n  New Zealand t o  48% i n  Mexico, f o r  h a l f  load o r  more. Corre- 
sponding determinations y ie lded  45% for  t h e  HSE operat ion i n  I t a l y  (and 48% f o r  
t h e  e a r l i e r  t e s t  operat ion i n  the  USA). The lower e f f i c i e n c y  demonstrated i n  
New Zealand r e l a t i v e  t o  the  other th ree  s i t es  has not been explafned. 
Some l i m i t e d  condensing t e s t i n g  was performed i n  Mexico. I n  a l l  cases 
t h e  HSE e f f i c i ency  decreased w i th  decreasing back pressure but so a lso d i d  t h e  
f lowrate per kW o f  e l e c t r i c i t y  produced. 
The e f f e c t  o f  r o t o r  speed on the  machine e f f i c i e n c y  was small f o r  t es ts  
i n  Mexico and New Zealand. 
A l l  t e s t i n g  i n  Mexico, I t a l y  and New Zealana used the  low-pressure i n l e t  
t r i m  i n  the speed cont ro l  valve i n  the  HSE. The r e s u l t i n g  s tab le  operat ing 
range o f  i n l e t  pressure was l i m i t e d  t o  below about 200 ps ia  because of  l i m i t a -  
t i o n s  i n  the  speed cont ro l  system. These same l i m i t a t i o n s  prevented i d l i n g  a t  
pressures above about 130 ps ia  d t h  t h i s  trim. These l i m i t s  vary w i th  i n l e t  
steam q u a l i t y  because they r e l a t e  t o  the  cont ro l  o f  volumetr ic f lowra te  i n t o  
t h e  machine. The r e s u l t s  demonstrated a need fo r  f u r t h e r  development 5 f  the 
speed cont ro l  system t o  provide s tab le operat ion over the f u l l  range o f  load 
from i d l e  t o  f u l l  load f o r  a l l  wellhead pressuros. 
The r e l i a b i l i t y  o f  t he  HSE power p lan t  was assessed dur ing the pe r fo r -  
mance and endurance tes t ing .  The shaf t  seals were of  greatest  concern, because 
they were newly designed replacements used only f o r  t he  100 hours o f  Utah 
t e s t  iny immediately preceding the beginning o f  the In te rna t i ona l  Test and 
Demonstration Programme. No seal problems occurred Jur ing the  1100 hours o f  
operat ion i n  Mexico, but  seal damage occurred i n  I t a l y  and i n  New Zealand. 
I t a l y  the  damage was caused dur ing the f i r s t  18 hours of operat ion by impacts 
r e s u l t i n g  from scale t h a t  had been rap id l y  deposited w i t h i n  the machine. A 
seal design mod i f i ca t ion  a f t e r  about 24 hours o f  operat ion corrected the  break- 
age problem. In tens ive  examination of the broken seals by several pa r t i es  
ind icated no signs o f  wear r e s u l t i n g  f rom the  cumulative 1224 hours o f  seal 
operation. 
I n  
I n  New Zealand a seal assembly evidencing 1 mater ia ls  f l a w  was replaced 
( a f t e r  98 hours o f  operat ion i n  I t a l y  and 102 hours i n  New Zealand). The seals 
withif i  the assembly were also found t o  be abraded, apparent ly by pa r t i cu la tes  
found i n  the assembly. During the fo l low ing  1632 hours o f  endurance tes t ing ,  
progress ive ly  increasing o i l  leakage beyond the design spec i f i ca t ions  occurred, 
x i i i  
r e s u l t i n g  i n  prematuibe te rmina t ion  o f  t t s t i n g .  The cabse of the  leakage was 
not a c t u a l l y  determined, but i t  may have been caused by abrasive wear by t h e  
par t i cu la tes .  Ouestions regarding seal wear .)r damage must be rasolved before 
f u r t h e r  use o f  the  HSE i s  considered. 
During replacement o f  t he  damaged shaf t  seals i n  I t a l y ,  passages fo r  
recaptur ing o i l  from t h e  f l u s h  water were i n s t a l l e d  t o  make t h e  VSE more r e l i -  
ab le  i n  case o f  wear o r  damage o f  t he  shaf t  seals. Su i tab le  anr . i l l a ry  equip- 
ment f o r  operat ing t h e  recapture system was not avai lable. Def ic ienc ies  i n  t h e  
ava i l ab le  equipment resu l ted  i n  maintenance and re1 iab i !  i t y  problems w i th  o i l  
f i l t e r s  and w i th  scavenger pumps f o r  removing water from o i l  reservoirs.  
The operation o f  t he  HSE power p lan t  i s  1 : ~  more complex than any o ther  
form o f  small t u r b i n e  generating p lan t  and sa t i s fac to ry  operat ion w i th  once- 
d a i l y  inspect i on  was demonstrated i n  New Zeal ana. 
Cos t jbenef i t  analyses were performed by each country on the basis t h a t  
t h e  de l i be ra te l y  oversized in te rna l  clearance ( t o  be closed by scale deposi- 
t i o n )  woulJ not be closed dur ing  prolonged service. Machine e f f i c i e n c i e s  o f  
45% i n  I t a l y  and New Zealand and 48% i n  Mexico were used. A new p lan t  cost  of 
$770,000 t o  $800,000 U.S. was used i n  t h e  analyses, based on the assumption 
t h a t  such CI p l a n t  could be purchased. The analyses showed t h a t  on these bases, 
t h e  HSE power p lan t  tested, Model 76-1, cannot compete w i th  a conventional 
steam tu rb ine ,  consider ing both cost and perfcrmance. For some app l ica t ions  
t h e  HSE can compete on the  basis o f  performance. For exmple,  a t  a 48% e f f i -  
ciency the  HSE performance i s  advantageous f o r  hot-water reservo i rs  w i th  tem- 
peratures up t o  2 7 5 O C  i n  Mexico. I n  I t a l y  t h e  HSE can compete on the  basis o f  
both cost and performance f o r  c e r t a i q  appl icat ions,  mostly because of i t s  ver- 
s a t i l i t y  and higner overa l l  e f f i c i ency .  The analysis f o r  Mexico showed tha t  i f  
t h e  HSE e f f i c i e n c y  were t o  r i s e  t o  55% as was demonstrated, i t  would be pre- 
f e r red  t o  a t u rb ine  f o r  a l l  app l i ca l ions  on the  basis o f  performance, but no t  
on the  basis o f  cost. The e s t i v a t i o n  o f  the perfomance a t  which the  HSE could 
compete despi te a higher c a p i t a l  cost was outside the  scope o f  the59 analyses. 
B. CONCLUF'ONS 
The HSE Dower p lan t ,  Model 76-1: 
0 i s  su i tab le  f o r  e l e c t r i c  power production i n  some l iquid-dominated 
geothermal f i e l d s ,  although the  u n i t  testec needs repa i r  o f  damaged 
sha f t  seals before it i s  returned t o  service. 
0 can compete w i th  a stPam tu rb ine  on the basis of pci'ormance for some 
appl i c a t  ions. 
0 cannot compete w i th  a mass-produced steam t u r b i n e  on the  basis of the 
s ta ted  c a p i t a l  cost f a r  a s i n g l e  HSE machine performing as tested. 
0 i s  rugged and i s  not damaged by t y p i c a l  geothetwai process upsets. 
0 can operate on an unattended basis w i th  per iod ic  inspections and main- 
tenance. 
x i v  
0 can be put on and o f f  g r i d  manually w i th  simple equipment. 
0 i s  not su i tab le  for continuous operation on a rap id ly  sca l ing b r ine  
such as from Cesano 1, I t a l y .  
The HSE Model 76-1 machine e f f i c iency :  
0 i s  i n  the range o f  45% t o  50% wi th  bare ro to rs  for  a wide range of 
load, i n l e t  pressure and steam qua l i t y  i n  noncondensing operation. 
increases w i th  scale deposi t ion w i th in  the machine, but  the per for -  
mance po ten t ia l  with the small in te rna l  clearances normal for a 
machine o f  t h i s  type has not been determined. 
0 
0 increases w i th  load but i s  f a i r l y  f l a t  over the upper 75g of i t s  load 
range. 
i s  insens i t i ve  t o  i n l e t  f l u i d  q u a l i t y  but diminishes a t  the ex+femes. 0 
0 i s  insens i t i ve  t o  ro to r  speed over the 2500-rpm t o  4000-rpm range 
tested. 
0 decreases w i th  increasing hackpressure. 
0 decreases w i th  reduced backpressure, but the energy produced per pound 
o f  f l u i d  used increases w i th  decreasing backpressure over the range 
tested. 
The HSE Model 76-1: 
0 shaft  seals have a demonstrated mode o f  operation i n  which no detect- 
able wear i s  observed a f t e r  1224 hours o f  service, but long serv ice 
l i f e  has not been demonstrated. 
0 shaft seal support system i s  not cor rec t ly  sized and ins ta l led .  
0 speed control  system i s  not adequate f o r  a l l  loads and a l l  wellhead 
pressures i n  a l l  combinations. 
0 i ,ternal  clearances are excessive fo r  use on f l u i d s  tha t  do not 
deposit adherent scale on the rotors.  
The IEA Test and Demonstration Programme tes ts  confirmed the resu l t s  of 




This i s  the f i na l  repor t  on a task t o  t e s t  and demonstrate a 1-NW geo- 
thermal wellhead generator i n  he f i e l d  ( t h e  Task), car r ied  out sequent ia l ly  i n  
Mexico, I t a l y  and New Zealand the  Host Countries), w i th  the p a r t i c i p a t i o n  of 
the  U.S. Department of Energy DOE)  ( the  Operating Agent) and the assistance o f  
t h e  Hydrothermal Power Co., Ltd. (HPC) and the Je t  Propulsion Laboratory (JPL). 
The Host Countries were represented by t h e  Comision Federal de E lec t r i c i dad  
(CFE), Mexico, Ente Nazionale per 1'Energia E l e t t r i c a  (ENEL), I t a l y ,  and the 
M in i s t r y  o f  Works and Development (MWD), N e w  Zealand. The f i n a l  repor t  summa- 
r i zes  the work perforined i n  the three countr ies and reported i n  i n te r im  status 
reports by CFE, Ref. A, ENEL, Ref. B, and MWD, Ref. C. 
The Task was par t  o f  a cooperative program defined i n  an In te rna t iona l  
Test and 
Energy Agency Imp1 ement i ng Agreement for  a Programne of Research, Development 
and Demonstration on Geothermal Equipment as described i n  Annex I: 
Demonstration of A 1-MW Wellhead Generator. I n  t h e  Annex, CFE, ENEL, MWD, and 
DOE were designated as Par t i c ipants  of  the Task and the respons ib i l i t i es  of the 
Host Countries and the Operating Agent were assigned. Task management was 
vested i n  an Executive Committee consis t ing of  one member from each country. 
The schedule o f  the  Task as planned and as achieved i s  shown i n  Table 1-1. 
The wellhead generator used i n  t h i s  Task was a t ransportable t o t a l  f low 
he1 i c a l  screw expander power p lan t  HPC Model 76-1, which had been designed ard 
f ie ld - tes ted  e a r l i e r  f o r  the  U.S. Government i n  a p ro jec t  managed by JPL 
(Ref. 1). The expander was designed by HPC wi th  oversized clearances fo r  use 
only i n  liquid-dominated geothermal f i e l d s  tha t  produce f l u i d s  su i tab le  for  
producing adherent scale deposits w i th in  the machine. 
The power p lan t  was made avai lab le t o  the Task by DOE, ac t ing  w i t h i n  the 
framework o f  the  U.S. membership i n  the  In te rna t iona l  Energy Agency and under 
the  auspices o f  the Committee o f  Energy Research and Development of  the Agency. 
The power p lant  was accompanied by t e s t  support equipment inc lud ing a computer- 
equipped data system, an instrumentation and control  van, and a t ranspor tab le 
1000-kW var iable load bank, a l l  o f  which had been integrated w i th  the power 
p lan$ , r to  a t e s t  array designed for operation a t  a var ie ty  o f  geothermal f i e l d  
s i tes.  A l l  o f  t h i s  equipment i s  described i n  Ref. 1 and i n  manuals tha t  were 
i i c l uded  w i th  the equipment. Addi t ional  fabr ica t ion  d e t a i l s  of  the power p lan t  
are described i n  Ref, 2. The resu l t s  o f  the e a r l i e r  work are summarized l a t e r  
i n  t h i s  section. 
This f i n a l  repor t  includes (a )  an assessment o f  the performance and r e l i -  
e b i l i t y  o f  the power p lan t  under the d i f f e r i n g  geothermal condi t ions o f  the 
t e s t  s i tes,  and (b) a cost jbenef i t  analysis o f  the power p lant  r e l a t i v e  t o  each 
s i t e  as required by the  Implementing Agreement, Annex I ,  which assigned the 
respons ib i l i t y  f o r  the f i n a l  repor t  t o  DOE. Ry d i r e c t i o n  o f  the Executive 
Committee, the f i n a l  repor t  i s  based on the  i n te r im  status repor ts  (Refs. A, 8,  
and C) submitted by each o f  the three Host Countries. Much of the repor t  i s  
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presented i n  country sequence - Mexico, I t a l y ,  New Zealand - with the status 
reports and the  Appendixes coded A, R, and C i n  the  same sequence, as a conve- 
nience t o  the  reader. 
Some o f  the  mater ia l  i n  t h i s  repor t  i s  repeated verbatim from the  sources 
without quote marks. Figures and tables from the in te r im  status repor ts  were 
copied from the  o r i g i n a l s  i n  most cases, except f o r  the i d e n t i f i c a t i o n  numbers. 
To the extent deemed necessary o r  appropr iate by JPL, some information i n  t h i s  
repor t  i s  from the  JPL repor t  on the  p r i o r  work (Ref. 1) o r  from the author's 
repor ts  and notebooks and general information of  the author compiled dur ing 
t h i s  task or the p r i o r  work. I n  addition, informat ion from HPC i s  included. 
I n  the  p r i o r  work (kef. l), t h  HSE power p lan t  was tested i n  Utah i n  
1978 and 1979. An average irachine e f f i c i ency  of approximately 45% was demon- 
s t ra ted  over a wide range o f  t e s t  condi t ions i n  nonsondensing operation on 
single-phase and two-phase geothermal f lu ids .  The e f f i c i ency  was f a i r l y  f l a t  
above one-quarter 1 oad, a1 though e f f i c i enc ies  as high as 54% were demonstrated. 
The t e s t  data character ize an expander having la rge  in te rna l  clearances o r  
leakage passages past the ro to rs  which, contrary t o  plarl, d i d  not c lose w i t h  
sca le deposits dur ing the test ing.  Analysis of  the data showed tha t  the 
expander e f f i c i ency  i s  a strong funct ion of  load, a weak funct ion of  i n l e t  
steam q u a l i t y  and o f  pressure r a t i o  across the  expander, and independent o f  
t h r o t t l e  pos i t ion.  Test condi t ions included i n l e t  pressure ranging from 84 t o  
258 psia, i n l e t  steam q u a l i t y  o f  0% t o  99Z, 1 inear t h r o t t l e  pos i t i on  from 7% t o  
10M open, output shaf t  load from i d l e  t o  1059 kU, with output shaf t  or male 
r o t o r  speed of  3000 rpm. The exhaust pressure was atmospheric a t  about 12 psia 
except f o r  a few  tes ts  i e r f o n e d  a t  exhaust pressures o f  27 t o  30 psia. The 
need t o  improve the  spezd contro l  system t o  accomnodate small loads a t  h igh 
feed pressure or  the  sudden loss o f  la rge  loads was ident i f ied.  So a lso  was 
the  need t o  fabr ica te  the HSE w i t h  smaller in te rna l  clearances fo r  best e f f i -  
ciency w i th  nonscaling brine. Other design changes for a replacement 5-W u n i t  
o r i g i n a l l y  planned were also i d e n t i f i e d  and recomnended. 
A. TASK OBJECTIVES 
The object ives of the  Task were to :  
(1) Accelerate the development of geothermal ;esources through ea r l y  
in t roduc t ion  a f  advanced geothermal energy conversion technology; 
(2 )  Provide prospective users cif geothermal energy experience i n  
operating advanced technology geotherma; quipment ; and 
( 3 )  Develop 3 data base fo r  a range o f  geothermal resource condi t ions o f  
the pcvrer p lan t ' s  performance and r e l i a b i l i t y  i n  order t o  assess the 
cost/benef i ts i n  the appl i ca t i on  of the power plant.  
I n  addi t ion,  each Host Country had i t s  own spec i f i c  t e s t  object ives.  
These are described i n  Section 111. 
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B. TASK RESPOIISIBILITIES 
The main responsib i l i t ies  of  DOE as Operating Agent were to: 
Provide the operational pawer plant, including support equipment f o r  
the Task; 
Provide two Technical Specialists* from the p r i o r  work t o  advise on 
the i n s t a l l a t i o n  and operation of the power plant during the tes t  
and demonstration prograwnes in  each country; 
Perfom major equipment repair; 
Prepare and d i s t r i bu te  t o  Part icipants d f ina l  report on the Task; 
and 
Bear the costs o f  the above and o f  transporting the power plant and 
support equipment back t o  the United States a t  the end o f  the Task. 
main responsib i l i t ies  o f  the other Part icipants were to: 
Provide a test  s i t e  and programne plan acceptable t o  the Executive 
Committee ; 
Make the necessary s i te-related preparations p r i o r  t o  the insta l la-  
t i o n  o f  the power plant; 
Be responsible f o r  the i ns ta l l a t i on  and rout ine maintenance o f  the 
power plant ; 
Be responsible fo r  the t e s t  and demonstration programmes, including 
the e l  i t r i c a l ,  instrumentation and computer work, and a l l  data 
gat her i ng ; 
Report the data and i t s  evaluation t o  other Participants, including 
an assessment on the costs and benefi ts i n  the application of the 
power plant; 
Prepare the power plant arld the support equipment f o r  shipment from 
the s i t ? ;  and 
Bear ‘he costs o f  the above. 
A t  t h e  request o f  ENEL, and w i th  the concurrence o f  the Executive Commit- 
tee, the qower plant and test  support equipment were converted f rom 60 Hz t o  50 
Hz i n  veparat ion for  the test ing i n  I t a l y .  
with tne power plant connected t o  the ENEL e lec t r i ca l  grid. Ry agreement, the 
COP Vsior was the responsibi l i ty  of  DOE and was carr ied out by HPC; the costs 
c,f the hardware fo r  the conversion were shared by DOE and ENEL. 
The purpose was t o  allow test ing 
* R. McKay, JC.L,  author o f  t h i s  report, and R. Sprankle, HPC, designer o f  the 
power ,7.i I t. 
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SECTION I1  
LIMITS AWD LIMITATIONS 
The assessment o f  the  performance charac ter is t i cs  of the  1-MW h e l i c a l  
screw expander wellhead generator and o f  t he  costs/benef i ts i n  i t s  app l i ca t ion  
were based on the  t e s t i n g  o f  HSE Hodel 76-1. The t e s t  r e s u l t s  were influenced 
s i g n i f i c a n t l y  by the  l i m i t s  and l i m i t a t i o n s  tha t  were e i the r  i m p l i c i t  t o  o r  
imposed on the  zquipment and tests. I t  i s  essent ia l  t h z t  these be understood 
i n  order t o  i n te rp re t  t he  t e s t  resul ts .  This was t o  be an evaluat ion o f  an 
e x i s t i n g  design and there were no provis ions f o r  md i f iGa t ions  o r  improvements 
t o  t h e  HSE. 
A. DESIGN LIMITATIONS 
The h e l i c a l  screw expander power p lan t  used on t h i s  programme was HPC 
Model 76-1, which was designed i n  1974-1975 s p e c i f i c a l l y  f o r  use on scal ing 
f l u i d s  from liquid-dominated geothermal resources. This machine was a twenty- 
f o l d  scale-up o f  a 50-kW prototype developed i n  i972-1973. Sowe changes o r  
developments were i d e n t i f i e d  as desirable dur ing the  1978-1979 t e s t i n g  i n  Utah, 
but  o f  these only the  shaf t  seals modif icat ions were made. Addi t ional  develop- 
ment work on the  HSE power p lan t  by the  manufacturer was not included as pa r t  
o f  t h e  IEA Task because o f  budgetary and Task schedule l im i ta t i ons .  Repairs 
were included, bu t  only t o  the extent necessary t o  permit the t e s t  and demon- 
s t r a t i o n  t o  proceed w i t h  minimum delay. Notable design areas i d e n t i f i e d  i n  
Utah as needing change or  development i n  order t o  broaden the app l ica t ion  o f  
t h e  HSE were r o t o r  clearances, the  shaf t  seal system, and the speed cont ro l  
system. These impacted t e s t  considerations as fo l  lows: 
1. Rotor Clearances 
The ro to r - to - ro to r  and rotor-to-case clearances i n  HSE Wodel 76-1 
were made large, based on the  experience of t e s t i n g  the  50-kW prototype and 
forerunner on Wells M-7 and M-10 i n  Cerro Pr ie to,  Mexico. F lu ids  from these 
we1 1s had deposited adherent scale w i th in  the  screw expanders which accumula 
t s  
ed 
t o  c lose the leakage paths past the rotors.  Good scale adhesion was not always 
immediate, depending on the  i n i t i a l  surface corldit ions w i th in  the  machives, but 
c losure occurred i n  each Lase i n  about 24 hours o f  test ing.  The clearances for 
Model 76-1 were intended t o  be la rge  enough tha t  t he  scale deposits would serve 
as c ladding t o  protect  the ro to rs  and casing i n t e r i o r  from poss ib le  corrosion 
and t o  p ro tec t  t he  ro to rs  from possible erosion i n  the  i n l e t  areas. 
were provided on the  r o t o r  lobe crests  t o  abrade o r  l i m i t  scale growth on the  
opposing surfaces so as t o  provide f in ished dimensions lapped t o  c lose t o l e r -  
ances, as occurred w i t h  the 50-kW prototype. 
ances aqd the  r e s u l t i n g  leakage past the  ro to rs  i n  Model 76-1 were expected t o  
preclude a t t r a c t i v e  machine e f f i c iency  f o r  operation w i t h  any clean, nonscal i ng  
f l u id .  Va l id  t e s t i n g  of the  machine for  i t s  as-designed performance po ten t ia l  
was expected t o  be l i m i t e d  only t o  the use o f  f l u i d s  and t e s t  condi t ions tha t  
would resu l t  i n  adherent scale growth w i th in  the  machine. The bu i l d ing  o f  
scale on the  ro to rs  was considered necessary t o  complete the fab r i ca t i on  of  
t h i s  model HSE. The importance o f  the  scale i s  explained by the  estimate t h a t  
Hard t i p s  
The s ize  o f  the i n i t i a l  c lear-  
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i n  ce r ta in  pos i t ions of the rotors,  t he  cross-sectional area o f  the leakage 
paths from the high-pressure pocket was ca lcu lated t o  be 25% t o  30% of  the  
pocket envelope (Ref. 1 ) . 
2. Shaft  Seal System 
The o r i g i n a l  shaf t  seal system used seal assemblies designed f o r  
p ro tec t ion  from the geothermal f l u i d s  by o i l  leakage past them i n t o  the  
machine. The design f a i l e d  i n  Utah i n  1978 and was replaced i n  1979 with a new 
design tha t  used a f resh water bar r ie r .  The f resh water was in jec ted  i n t o  t h e  
new assemblies a t  con t ro l led  rates, wi th most o f  the water f lowing toward the  
i n t e r i o r  o f  the  machine and t o  waste. 
past the o i l /water  seal a t  a r a t e  determined by the  temperature and surface 
speed. The o i l  l o s t  i n  t h i s  manner was i n i t i a l l y  expected t o  be acceptable. 
Under t e s t  i t  was soon discovered t h a t  some o f  the  water migrated past the  
o i l /water  seal and i n t o  the  o i l .  The water t rave led  wi th the o i l  t o  the  o i l  
console, where i t  se t t l ed  t o  the  bottom o f  the reservo i r  and could be tapped 
o f f ,  However, it i s  not des i rab le t o  have water i n  the o i l ,  and be t te r  methods 
for  removal than s e t t l i n g  are avai lable,  The i n s t a l l a t i o n  o f  a cent r i fuge i n  
the  re tu rn  o i l  l i n e  t o  the  reservo i r  was recommended dur ing the  Utah overhaul 
conf i rmat ion t e s t  i n  1979 and was i n s t a l l e d  on the  console i n  Mexico i n  1980 i n  
preparation f o r  the  t e s t i n g  there, The cent r i fuge was o f  su i tab le  s ize  for t he  
intended job. 
It was known tha t  some o i l  would migrate 
It was known from shop tes ts  tha t  the r a t e  o f  o i l  migrat ion past the 
o i l /water  seal i n t o  the  f l ush  water i n  each assembly was cont ro l led  predomi- 
nant ly  by the o i l  temperature and surface speed o f  the  seals, For operat ion a t  
3000-rpm male r o t o r  speed and w i th  normal o i l  temperatures, the o i l  loss was 
estimated t o  average about 1 gal. per seal assembly per day. 
f o r  each assembly s ince no two have the  same speed and pressure d i s t r i bu t i on .  
Since i t  was known tha t  o i l  would migrate i n t o  the water, it was recognized 
dur ing design tha t  the  o i l  could be recovered by withdrawing the  o i l - laden 
water from each seal assembly through co r rec t l y  located bleed passages; 
increasing the  f low o f  f l ush  water by an amount equal t o  the  amount withdrawn 
would maintain the f resh water bar r ie r .  The o i l  could then be removed from the 
withdrawn water and the  recovered o i l  and water recycled. This procediire would 
have required performing the d i f f i c u l t  j ob  o f  i n s t a l l i n g  passages i n  the  HSF: 
housing i n  the f i e l d  i n  Utah. This was not done t o  save time and money, and 
because it was recognized tha t  t he  new seal design could be v e r i f i e d  wh i l e  
operat ing wi th  the predicted o i l  loss. This design l i m i t a t i o n  was considered 
acceptable. 
The r a t e  d i f f e r s  
I n  I t a l y ,  th ree  seal assemblies were replaced because o f  breakage o f  
some o f  the seal segments from mechanical shock caused by scale build-up w i t h i n  
the  machine. The replacement assemblies were provided w i t h  bleed passages f o r  
recovery o f  o i l  t ha t  migrates across cer ta in  seals i n t o  the f lush  water. 
Refore i n s t a l l i n g  the  assemblies, corresponding bleed passages were d r i l l e d  
i n t o  the  HSE housing t o  a l low recovery o f  the o i l .  
la rge  enough f o r  t h i s  added load and the  use o f  the o i l  recovery system was 
l i m i t e d  t o  o i l  and water separation by se t t l i ng .  I n  addition, the  capacity o f  
the  i n s t a l l e d  hardware f o r  d i s t r i b u t i n g  and monitor ing the f lush water was not 
adequate t o  provide the  addi t ional  f l ush  water necessary for  t he  o i l  recovery. 
The cent r i fuge was not  
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These design 1 im i ta t ions  r e s t r i c t e d  the recovery flows t o  inadequate rates both 
i n  I t a l y  and New Zealand, and recovery was discontinued. 
The importance o f  p ro tec t ing  the shaft  seals from damage by par t i cu-  
la tes  i n  the  f l ush  water requires tha t  adequate water f i l t r a t i o n  be considered 
as pa r t  o f  the shaft seal system. On-board f i l t e r s  l i m i t i n g  the p a r t i c l e  s ize  
t o  25 pm or less were i n s t a l l e d  f o r  t h i s  purpose. These f i l t e r s  were not ade- 
quate t o  remove the par t i cu la tes  from the f i l t e r e d  r i v e r  water used i n i t i a l l y  
i n  New Zealand, and deposits of par t i cu la tes  w i th in  the seal assemblies 
resulted. This design l i m i t a t i o n  was corrected by improving the p r e f i l t r a t i o n  
of t he  water. S imi lar  p r e f i l t r a t i o n  was necessary i n  Mexico, since without 
adequate p r e f i l t r a t i o n ,  the  on-board f i l t e r s  plugged i n  about two hours, shut- 
t i n g  down the tests.  
3. Speed Control 
The speed of  the HSE i s  3overnor-controlled by means o f  a f low con- 
t r o l  valve o f  s l i d i n g  gate design, b u i l t  i n t o  the i n l e t  o f  the  HSE and havina a 
4-in. stroke. The purpose o f  the f low contro l  i s  t o  provide an exact t l t e r n a -  
t o r  speed corresponding t o  an e l e c t r i c a l  output o f  exact frequency Such as 50 
or  60 Hz. The t e s t i n g  i n  U tah  soon showed tha t  the flow contro l  valve ha.! a l l  
o f  the  well-known f low control  l i m i t a t i o n s  of a gate valve. Flow was nL+, 
l i n e a r  w i th  stroke, and percentage flow va r ia t i on  through a near ly closed va!:.- 
changed abrupt ly w i th  stroke. .The important determining factors for use were 
the  capacity o f  the valve as a funct ion of  pressure drop across it, and the 
response and s t a b i l i t y  r e l a t i n g  t o  gate t rave l  con t ro l led  by the governor and 
system hydraul ics.  As should be expected, id1 ing was d i f f i c u l t ,  p a r t i c u l a r l y  
f o r  high-pressure f l u i d s ,  because the valve was near ly c l o ~ e d  o r  i n  a pinched 
condition. The valve problem was exacerbated by the very l a rge  range o f  speci- 
f i c  volumes of assorted i n l e t  f l u i d s  over the f u l l  range o f  both pressure and 
steam q u a l i t y  desired f o r  machine tes t i ng  and operation. The added requirement 
f o r  f low control  over the f u l l  range of load, f r o m  i d l e  t o  f u l l  load, could not 
be met w i th  a s ing le  valve w i th  a 4-in. stroke. Replacement o f  the o r ig ina l  
simple s l i d i n g  gate valve w i th  a compcund or mult ip le-gate valve was outside 
the scope and budget o f  the evaluat ion pro jec t  associated w i t h  the Utah t e s t -  
ing. Instead, the valve was modified fo r  use wi th  two sizes of t r i m  designated 
as high-pressure t r i m  and low-pressure t r i m .  This was done during the overhaul 
fo l lowing the shaft  seal f a i l u r e  i n  1978. However, the valve remained a simple 
s l i d i n g  gate valve w i th  a 4-in. stroke, a l b e i t  o f  interchangeable gate size. 
I n  Utah, both sets of  t r i m  were used. A l l  o f  the o r ig ina l  l i m i t a t i o n s  remained 
2xcept tha t  they were displaced. Therefore the preferred t r i m  could be 
selected fo r  the appl icat ion,  and the  stable load range set accordingly. 
t r i m  provided i t s  own upper feed pressure l i m i t s  f o r  i d l i n g  o r  f o r  operation 
under load f o r  various feed qua l i t ies .  The corresponding capacity o f  the valve 
l i m i t e d  the maximum load a t ta inab le  as shown b j  reaching 100% open pos i t i on  
before reaching f u l l  load fo r  some of the tests .  The design goal was fo r  a 
f low control  valve t o  handle the f u l l  range of load, from i d l e  t o  f u l l  load a t  
we1 1 head pressure, because it would permit a d i rec t  we1 1 head connection wi thout 
other regulat ing valves, resu l t i ng  i n  the simplest possible i ns ta l l a t i on .  Then 
other requirements such as bypass o r  pressure r e l i e f  would be d ic ta ted  by the 
needs of  the wel l  and not the HSE. This design goal was not achieved. 
Each 
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Stable speed requires that  the geothermal f l u i d  flowing t o  the speed 
control valve be uniform or  change only slowly wi th time. 
s a r i l y  be homogeneous but obviously slug flow w i l l  cause i n s t a b i l i t y  because 
the govenor and speed control system cannot respond instantaneously. This pre- 
sented a problem f o r  test ing over the wide range o f  conditions planned i n i -  
t i a l l y  for  the HSE. An 8-in. diameter feed pipe was insta l led t o  handle the 
large flows o f  low-enthalpy I iquid feed calculated f o r  some of the tests, even 
though i t was not certain that  such flows could actual ly pass through the con- 
t r o l  valve and i n t o  the HSE. The idea was t o  ensure that the tests  would not 
be l imi ted by the s i t e  o f  the feed l ine. The penalty was that the large feed 
l ine, lrrith i t s  two elbows near the speed control valve, caused phase separation 
o f  the geothermal f l u i d  fo r  many o f  the two-phase f l o w  conditions presented t o  
the HSE during the tests. To t ry t o  a l l ev ia te  the separation, and the resul t -  
ing effect on speed s t a b i l i t y  and excessive working o f  the governor and speed 
control valve, a passive mixer was fabricated and inserted i n to  the feed pipe 
between the feed l i n e  automatic stop valve and the speed control valve. This 
was a compromise, and it was recognized that the i n l e t  p ip ing should be sized 
t o  the actual application. Meanwhile, the s t a b i l i t y  characterist ics of  the 
governor and speed control system were best demonstrated w i th  a l l - l i q u i d  or 
all-vapor feed. Under these conditions, speed control system hunting, of ten 
displayed w i th  two-phase flow, was t y p i c a l l y  absent. This hunting would not be 
expected t o  occur during base load operation when coupled t o  a g r i d  because the 
speed would be control led synchronously by the grid, the governor and speed 
control system would stay constant, and the load would vary Aith var iat ion i n  
the feed t o  the HSE. 
It need not neces- 
B. E S T  LIMITS 
Assorted l i m i t s  t o  test ing the power plant were encountered for each o f  
the tests, including fo r  the p r i o r  work i n  Utah. The most s ign i f icant  l i m i t  
f o r  a l l  tests was the lack of  del ivery t o  the HSE o f  geothermal f l u i d  having 
the scaling characterist ics for which the HSE was designed. This precluded 
closing the large clearances within the machine wi th in  the test  periods. Other 
1 imits are l i s t e d  below. 
1. Utah: 1978 and 1979 
A l l  tes t ing i n  Utah was l im i ted  t o  a s ingle male rotor  speed o f  3000 
rpm. During the 1978 test ing, gradual plugging of the well l imi ted the elec- 
t r i c a l  output of  the power plant t o  754 kW during performance tests  and t o  380 
kW or less during an endurance test. The endurance test  was l imi ted t o  182 
hours by a shaft seal f a i l u r e  which terminated the t e s t  one day i n  advance of  
the scheduled shutt ing i n  of  the we1 1. The test ing i n  1979 was 1 imited t o  one 
month and was conducted pr imar i ly  t o  confirm an overhaul of  the HSE which 
included the i ns ta l l a t i on  o f  a new type of  shaft seal. The tes t i ng  with the 
new seals was l imi ted t o  io0 hours, leaving endurance test ing u n t i l  la ter .  The 
operating conditions of  the well and separator plant were dictated by the needs 
o f  a d i f f e ren t  project, some o f  which were not compatible wi th the test ing o f  
the HSE. This l imi ted the available range of  t es t  conditions and data 
recorded. An example o f  the consequences i s  that  the HSE power plant was 
tested a t  f u l l  load f o r  only one i n l e t  pressure and only one i n l e t  qual i ty.  
The preferred method of  adjusting the HSE i n l e t  pressure by set t ing the separa- 
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t o r  pressure was not ava i lab le  because of other s i t e  l i m i t s  o r  p r i o r i t i e s .  
Consequently t e s t  condi t ions i n  c lose groups or fami l ies  o f  i n l e t  pressures and 
q u a l i t i e s  were not at ta inable.  This t e s t  l i m i t a t i o n  y ie lded an assortment o f  
t e s t  resu l t s  d4Ff  i c u l t  t o  character ize by conventional graphical methods. The 
data corre la t ions derived f o r  the Utah t e s t  resu l t s  were a r e s u l t  o f  t h i s  d i f -  
f i c u l t y .  The corre la t ions were e f f e c t i v e  and were subsequently used by ENEL 
for  t rea t i ng  the  t e s t  data i n  I t a l y  where the data were s i m i l a r l y  assorted w i t h  
respect t o  t e s t  conditions. This could be important t o  readers in terested in  
comparing the Utah data w i th  data from the  other s i tes.  
2. Mexico: 1980 and 1981 
The capacity o f  the wel l  l i m i t e d  the  continuous e l e c t r i c a l  output o f  
L i t t l e  o r  no adjustment o f  i n l e t  qua l i t y  
the power p lant  t o  approximately 880 kW before the  earthquake o f  June 8, 1980 
and between 820 t o  860 kW afterwards. 
was possible for most tests.  Tests w i th  a l l - l i q u i d  feed were l i m i t e d  by the  
capacity o f  the wel l  t o  125-kW e l e c t r i c a l  output. During the wellhead t e s t i n g  
i n  1980, the desired scale g7owth w i th in  the  HSE was severely l i m i t e d  by the 
placement o f  a pressure-reducing valve between the we! 1 head and the power 
plant,  causing the major i t y  of  the scale t o  deposit j u s t  downstream o f  t he  
valve, thtis reducing the po ten t ia l  fw deposi t ion w i th in  the HSE. 
pressure-reducing valve was used because the speed governing system cannot con- 
t r o l  the speed o f  the HSE over the f u l l  load range over the f u l l  range o f  the 
wellhead pressures. The condensing tes ts  i n  1981 were severely l i m i t e d  by the  
cool ing water supply t o  the t e s t  s i t e  and by a blockage i n  the i n l e t  t o  the 
condensate ext ract ion pump. 
The 
3. I t a l y :  1981 and 1982 
The capacity o f  the wel l  l i m i t e d  the power production t o  550 kW f o r  
a wellhead connection w i th  unmeasured flowrate. The capacity o f  the separator 
p lan t  l i m i t e d  the  measured perfwmance t o  a maximum e l e c t r i c a l  output o f  460 kW 
wi th  both separators working i n  pa ra l l e l ,  and t o  about 260 kW wi th  only l i q u i d  
from the sepiirators. Manipulation of the vapor/l i qu id  r a t i o  t o  intermediate 
values was not feasible.  The t e s t  periods were l i m i t e d  t o  a t o t a l  o f  121 hours 
by rap id  rates of scale deposi t ion i n  the wel l  and i n  the surface piping, the 
separators, the separator cont ro l  valves, and the  HSE exhaust pipe. Although 
scale deposited rap id ly  w i th in  the  KSE, i t  d id  not remain on the rotors.  
4. New Zealand: 1982 and 1983 
The e l e c t r i c a l  output o f  the power p lant  was l i m i t e d  t o  850 kW 
because o f  the allowable torque on the d r i ve  shaft  and the reduced speed 
resu l t i ng  from the  conversion t o  50 Hz f o r  the tes t i ng  i n  I ta ly .  The maximum 
stable i n l e t  pressure was l i m i t e d  t o  220 psia by the use o f  the low-pressure 




t o  det 
under 
m i n a t i  
The t e s t  objec 
,ermine t h e  e f f  
var ious operat 
on o f  sca l i ng ,  
t i v e s  were e s s e n t i a l l y  t h e  sape a t  a l l  t e s t  s i t e s ,  namely 
i c i ency  and r e l i a b i l i t y  o f  t h e  HSE us in )  geothermal f l u i d s  
i n g  cond i t i ons  over an extended operat ing t ime. The deter-  
corros ion and operat icn problems was included. As a 
group, t h e  opera t i ng  cond i t i ons  were intended t o  be broad enough t o  permit  
assessing t h e  a p p l i c a t i o n  o f  t h e  HSE t o  any water-dominated f i e l d  i n c l u d i n g  t h e  
t e s t  s i t e .  
The s p e c i f i c  t e s t  ob jec t i ves  d i f f e r e d  among t h e  t h r e e  t e s t  s i t e s  but  
included t h e  fo l l ow ing :  
A, HEXICO 
(1) Determine t h e  change i n  HSE e f f i c i e n c y  d t h  time; 
( 2 )  I n v e s t i g a t e  t h e  problems t h a t  a r i s e  i n  the  machine du r ing  l ong  
per iods o f  operat ions ; 
( 3 )  
( 4 )  Acquire techn ica l  in format ion and t r a i n  personnel. 
Perform vacuum exhaust t e s t i n g  o f  a p re l im ina ry  nature; and 
The s ta ted  purpose o f  t h e  t e s t s  was t o  determine under what cond i t i ons  
t h e  use o f  t h e  HSE i n  Cerro P r i e t o  would be advisable. 
B .  ITALY 
(1) Test w i t h  h i g h - s a l i n i t y  f l u i d s  (310,000 ppm) d i r e c t  from t h e  w e l l -  
head and from a separator p l a n t .  
densing t e s t i n g  because t h e  lower r e s u l t i n g  exhaust temperatures 
were p red ic ted  t o  cause excessive scale deposi t ion i n  t h e  low-pres- 
sure zones w i t h i n  t h e  HSF. and i n  the  exhaust system); and 
(This h igh s a l i n i t y  precluded con- 
( 2 )  Test a t  50-Hz generator output, and operate coupled t o  t h e  g r i d  as 
much as possible. 
r o t o r  speed o f  3333 rpm.) 
(The conversion t o  50-H? operat ion y i e l d e d  a male 
Test ob jec t i ves  independent o f  t he  HSE were t o  evalt iate s c a l i n g  i n h i h i -  
t o r s ,  t o  i n v e s t i g a t e  the  p o s s i b i l i t y  o f  t h e  product ion o f  sodium and potassium 
su l fa tes ,  t o  ca r ry  out  long-term product ion t e s t s  t o  i n v e s t i g a t e  the geothermal 
rese rvo i r ,  and t o  i n v e s t i g a t e  a poss ib le  c o r r e l a t i o n  between r e i n j e c t i o n  and 
seismic a c t i v i t y .  
C. NEW ZEALAND 
(1) Determine t h e  performance a t  male r o t o r  speeds o f  3333 and 2500 rpm 
over t h e  broadest poss ib le  range o f  load, i n l e t  pressure and i n l e t  
q u a l i t y .  (These speeds r e s u l t e d  from t h e  frequency change t o  50 
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Hz and t h e  o r i g i n a l  male r o t o r  speed opt ions of 4000 and 3000 rpm a t  
60 Hz) ;  and 
( 2 )  Oetermine the r e l i a b i l i t y  and the  maintenance requirements o f  the  
HSE. 
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SECTION I V  
TEST SITES AND WELLS 
A. MEXICO 
The t e s t  i n s t a l l a t i o n  i n  Mexico u t i l i z e d  we l l  M-11 i n  the  Cerro P r ie to  
geothermal f i e l d  (see Appendix A, F igure A-11, dur ing the  per iod from December 
1979 t o  Apri l  1981. The chemical composition o f  the  br ine  i s  l i s t e d  i n  Tsble 
A-1, and the  wel l  completion and geological informat ion are shown i n  Figure 
A-2. We1 1 M - l l  was selected because i t s  charac ter is t i cs  were we1 1-known, i t  
d i d  not produce sand, and i t  was normally stable. The wel l  had a capacity o f  
approximateiy 50 tons per hour (tons/h), which was known i n  advance t o  be 
undersized for  t e s t i n g  the  1-MW wellhead generator. The capacity o f  the * -i 
corresponded t o  approximately 880 kW from the  power plant,  as discussed 
ea r l i e r .  Production charac ter is t i cs  o f  t he  wel l  are shown i n  the  curves 
Figure A-3. 
B. ITALY 
. . I  I t a l y  the  HSE power p lan t  was i n s t a l l e d  i n  the Cesano geothermal f i e l d  
located 25 km nor th o f  Rome t o  make use o f  t h e  Cesano 1 wel l  for e l e c t r i c  power 
production. The Cesano 1 wel l  produced the br ine  shown i n  Appendix B, 
Table B-1 a t  about 250 tons/h. It was recognized tha t  t h e  Cesano 1 brine, w i t h  
t o t a l  dissolved so l ids  o f  364,000 mg/l, was cot t yp i ca l  but would present an 
especia l ly  severe t e s t  o f  the  HSE and i t s  to lerance f o r  scale. 
C. NEN ZEALAND 
The HSE was s i t e d  i n  New Zealand a t  wel l  BR 19 i n  the Broadlands geother- 
mal f i e ld .  The wel l  o f fered e a s i l y  managed f l u i d s  a t  greater f low rates than 
the  HSE could f u l l y  u t i l i z e .  The f l u i d  chemistry, mass output curve, and 
casing informat ion w i th  barresponding geological i n fo rma t io i  are shown i n  
Appendix C, Table C - 1  and Figures C - 1  and C-2, respect ively.  
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SECTION V 
PERFORMANCE EVALUATION METHODO! . 
The he l i ca l  screw expander power p lan t  consists p r imar i l y  o f  I I IiSE 
d r i v i n g  a conventional a l te rna tor  through a conventional speed reducer. The 
e f f i c i ency  and performance characteristics of a l te rna tors  and speed reducers 
are well-known. Since the  HSE i s  the novel piece o f  equipment i n  the power 
plant,  it i s  the e f f i c iency  and performance charac ter is t i cs  o f  the HSE t h a t  are 
o f  most in te res t  i n  t h i s  Task. Other e f f i c i enc ies  such as power plan’. - 1 ; f i -  
ciepcy o r  thermal e f f i c iency  can he determined but were opt ional .  
For the purpose o f  the performance evaluation o t  t h e  HSE, the  machine 
e f f i c i ency  i s  defined as 
KWM E f f  = 
( h l  - h2sJ 
where 
KWM = liSE shaf t  output power 
M1 = Mass f lowrate o f  f l u i d  through the  HSE 
h l  = Spec i f i c  enthalpy o f  f l u i d  enter ing the HSE a t  i n l e t  
pressure P 1  and i n l e t  temperature T1 
hZs = Speci f ic  enthalpy tha t  would resu l t  from the isentrop:c 
expansion of the f l u i d  from the  HSE i n l e t  condi t ion t o  the  
o u t l e t  pressure P2 
and 
This i s  the standard equation f o r  machine e f f i c iency  o r  isent rop ic  e f f i -  
ciency under steady-state operation and i s  equal t o  the r a t i o  o f  the actuP1 
work done by the  expanding f l u i d  t o  the work o f  an ideal expansion o f  the  same 
f l u i d  over the same pressure in te rva l .  
None o f  the variables i n  the e f f i c iency  equation arc? normally measured 
d i r e c t l y .  The value of h2s i s  calculated from h l  and the thermodynamic 
proper t ies o f  the f l u i d  a t  the i n l e t  and o u t l e t  oressures. KWM, M1 and h i  
must be determined experimentally. The HSE shaft output power KWM i s  deter-  
mined by measuring the e l e c t r i c a l  output of the a l te rna tor  KWe, and adding the 
a l te rna tor  and the speed reducer losses. The a l te rna tor  and speed rediicer were 
factory-ca l ibrated f o r  60-HZ operation p r i o r  t o  i n s t a l l a t i o n  i n  the power p lan t  
t o  determine the losses over the e n t i r e  load range (Ref. 1, p. (3-3). The power 
loss equations were modified f o r  50-Hz operation as appropriate (Ref. R and 
C ) .  
The f lowrate M 1  and the i n l e t  enthalpy h l  can be determined fo r  the 
t yp i ca l  cdse by separating the f l o w  ‘nto single-phase vapor an& l i q u i d  streams 
whose f lowrate and enthalpy can be aetermined and recombined t o  provide a 
stream o f  known flowrate and enthalpy t o  the  H S i .  
each o f  the Host Countries and i n  the p r i o r  work. 
This procedure was ~ i x 3  by 
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Alternatively, the flowrate through the HSE and the exhaust enthalpy can 
be determined by measuring the vapor and l i q u i d  stream p r o d u x i  by separating 
the exhaust. For an actual expander the sum of the power output plus thermal 
losses equals ta le  product o f  the flowrate and the actual change i n  enthalpy. 
Since the thermal losses w e  small and can be neglected, the i n l e t  enthalpy can 
he calculated easily. This procedure of HSE ef f ic iency determination by down- 
stream determination of f lowrate and enthalpy was used a t  well M-11 i n  Mexico 
t o  allow a t rue wellhead ins ta l l a t i on  of  the power plant. (For more deta i ls  o f  




A. PROCESS LAYOUTS 
1. Mexico 
Two process layouts  were used a t  w e l l  M-11 i n  Cerro P r ie to .  The 
f i r s t  provided a wellhead l i n e  t h a t  bypassed an o x i s t i n g  separator t o  c a r r y  
f l u i d  through a pressure c o n t r o l  valve t o  t h e  HSE. 
passed through an atmospheric separator which vented the steam t o  t h e  atmo- 
sphere through an o r i f i c e  and sent t h e  b r i n e  t o  a we i r  channel. 
on t h e  two streams al lowed t h e  exhaust f l o w r a t e  and enthalpy t o  be determined. 
The process schematic i s  shown i n  F i g u r e  6-1 (see a l so  Ref. 1, p. 5-7). 
waste through an atmospheric s i lencer .  
i ty ,  and because o f  t h e  small  capaci ty  of t h e  we l l  no p r o v i s i o n  was made t o  
manipulate the  f l u i d  q u a l i t y  t o  t h e  HSE. 
t e s t s  from approximately 10% t o  30% according t o  t h e  amount o f  f l a s h i n g  t h a t  
occurred as t h e  f l u i d  passed up t h e  w e l l  and through the  pressure c o n t r o l  valve 
and according t o  t h e  amount o f  f r a c t i o n a t i o n  t h a t  occurred as p a r t  o f  t h e  f l u i d  
was bypassed t o  waste under se lected HSE i n l e t  pressures and loads. 
t i o n a t i o n  occurred most ly because t h e  f low path was s t r a i g h t  toward t h e  pres- 
sure c o n t r o l  valve and HSE bu t  turned 90' i n t o  the  bypass. 
The exhaust from t h e  HSE 
Measurements 
Surplus f l u i d  f l c w  from t h e  we l l  was bypassed from t h e  wellhead t o  
For i n s t a l  l a t i o n  and operat ing simp1 i c -  
The q u a l i t y  var ied amnng t h e  var ious 
The f r a c -  
This process layout ,  F igure 6-1, was IJS& i n  1980 f o r  ooncondecsing 
performance t e s t s  a t  var ious i n l e t  and o u t l e t  pressures and loads and f o r  
endurance t e s t i n g  a t  t h e  f u l l  capaci ty  o f  t he  wel l .  The p rov i s ion  f o r  elevated 
back pressure i s  not  shown i n  F i g u r e  6-1 but t h e  equipment used i s  described i n  
Ref. 1, pp. 5-27 and 5-29. 
p r e l i w i n a r y  vacuum exhaust t es t i ng .  
r e a d i l y  a v a i l a b l e  equipment. 
denser and was f i t t e d  w i t h  a steam j e t  e j e c t o r  and a condensate e x t r a c t i o n  
pump. 
approximatsly 900 f t  t o  t h e  condenser through a p i p e l i n e  normal ly used as a 
waste l i n e  f o r  t h e  b r i n e  f rom t h e  wellhead separator when t h e  steam from w e l l  
M-11 was de l i ve red  t o  Cerro P r i e t o  power p l 3 n t  C.P. 1. Scale i n  t h e  p ipe  had 
reduced t h e  i n s i 4 e  diameter t o  about 5 in .  The wellhead sepdrator, n o t  shown 
i n  F igure 6-1, was r e i n s t a l l e d  f o r  t h e  vacuum exhaust t e s t i n g  t o  prov ide sepa- 
ratec! steam and water streams, thus p e r m i t t i n g  measurement and recombining o f  
t h e  streams f o r  d e l i v e r y  t o  t h e  HSE a t  a known f l owra te  and enthalpy. 
cers schematic f o r  t h e  vacuum exhaust t e s t i n g  i s  shown i n  F i g u r e  6-2. This 
process i n s t a l l a t i o n  a lso permi t ted t e s t i n g  t h e  rlSE w i t h  dtmospheric discharge 
by vent ing t h e  condenser t o  atmosghere. A bypass on t h e  steam l i n e  from t h e  
separator permi t ted vent ing t h e  steam t o  t h e  s i l e n c e r  f o r  t e s t i n g  t h e  HSE on 
a l l - l i q u i d  feed a t  low power. 
d i r e c t l y  t o  t h e  s i l ence r ,  again a t  r i g h t  angles t o  t h e  flow t o  the  pressure 
The process layout  shown in F i g u r e  6-1 was modi f ied t o  permit  some 
The exhaust separator was converted i n t o  a con- 
The p lan was t o  make use o f  e x i s t i n g  o r  
Cool ing water f r o r  t he  evaporat ion pond (see F i g u r e  A-1) was t ranspor ted 
The pro- 
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contro l  valve and HSE. The main purpose o f  t h i s  bypass was t o  regulate the 
wellhead pressure t o  give the  optimum pressure drop across the  pressure cont ro l  
valve. The combined effects of the  amount of f lash ing and f rac t ionat ion  w i th  
the bypass resulted i n  i n l e t  q u a l i t i e s  t o  t h e  HSE ranging from 10% t o  34% 
except f o r  the few tes ts  on a l l - l i q u i d  feed. 
2. Italy 
The process layout a t  Cesano 1 H e l l  was designed as a p i l o t  p lan t  
not only t o  t e s t  t h e  HSE but also t o  invest igate the  production and recovery o f  
chemicals frm the  geothermal reservoir. The p i l o t  plant, shown i n  Figure 6-3, 
featured two primary o r  wellhead separators i n s t a l  l e d  for pa ra l l e l  operation t o  
permit a l ternate usage and cleaning. Rrine from t h e  primary separators could 
be subjected t o  a second contro l  ied f!ash i n t o  a secondary separator f o r  t h e  
chemical studies. Various features o f  the p i l o t  p lant  tha t  werc designed t o  
accommodate the severe scal ing charac ter is t i cs  o f  t h e  well  are afscussed f *  
Ref. 8. For the  HSE tests, l i q u i d  and vapor streams from the primary separa- 
to rs  .:Ere measured and recombined f o r  de l ivery  t o  the  HSE a t  known f lowrate and 
entha’pny, as shown i n  the  process schematic i n  F igure 6-4. Provisions f o r  
venting vapor and l i q u i d  from t h e  primary separators permitted varying the  
vapor / l iqu id  r a t i o  i n  the  feed t o  the  HSE. These separators were designed t o  
operate a t  wellhead pressure and were undersized fo r ‘  t h e  HSE tests. The 
p lan t  was modified so t h a t  the  two separators could operate simultaneous 
a l i n e  was i n s t a l l e d  f o r  operating t h e  HSE d i r e c t l y  from the  wellhead as 
i n  the process schematic i n  Figure 6-5. 
3. New tealand 
The process layout a t  Broadlands wel l  BR 19 consisted o f  a v:! 




l e g  car j i n g  geothermal f l u i d  t o  a separator p lant  w i th  associated pipework 
carrying the  f l u i d  t o  the  HSE. The separated steam and l i q u i d  flows were 
measured, recombined, directed t o  the  HSE, and f i n a l l y  discharged through an 
atmospheric s i lencer  t o  waste. Surplus f l u i d  f low from the  wel l  was bypassed 
t o  waste through ir second atmospheric silencer. A process schematic i s  shown 
i n  Figure 6-6. 
Flow from the well  t o  the  separator was contro l led by a pressure 
control valve e i ther  automatically from the  separator pressure by means o f  a 
pressure control u n i t  or  manually from an auto-manual control stat ion. The 
1 iqu id  leve i  i n  t h i s  separator was cont ro l led  manual ,y wi th  the hand valve on 
the  l i q u i d  bypass l i n e  t o  the bypass si lencer. 
The process layout enabled the f l u i d  q u a l i t y  t o  be varied across t h e  
range o f  f l u i d  compositions, from a l l - l i q u i d  t o  all-steam, and enabled the mass 
f lowrate and enthalpy of t he  f l u i d  entering t h e  HSE t o  be determined. 
B. SHAFT SEAL WATER 
A r e l i a b l e  water supply low i n  calcium hardness and par t i cu la tes  was 
required fo r  the shaft seal assemblies i n  t h e  HSE t o  provide an expendable 
ba r r i e r  between the seals and the brine. The design r a t e  of consumption was 
about 4 gpm. A d i f f e r e n t  type o f  water source was used a t  each t e s t  i n s t a l l a -  
t ion.  
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Figure 6-4. Process Schematic: 
HSE Operating from Separator, I ta ly  (Ref. R, F i g .  6 )  
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Figure 6-5.  Process Schematic: 







A t  Cerro P r ie to ,  water f o r  t h e  shaft  seals was suppl ied from t h e  
coo l i ng  tower of power p l a n t  C.P. 1. and t ranspor ted by 2-in. p i p e  a d i s tance  
o f  approximately 1 mi le.  Because a cool i n g  tower i s  a wet scrubber t h a t  . e- 
moves dust from t h e  a i r ,  t h e  water was h e a v i l y  laden w i t h  p a r t i c u l a t e s ,  and 
f i l t r a t i o n  was necessary. Qecause the t ranspor t  p ipe was o l d  and contained 
scale deposits, t h e  water a r r i v e d  a t  t h e  we l l  s i t e  w i t h  excessive amounts o f  
calc ium ions, and water w f t e n i n g  was rlecessary. 
p i p e  was passed i n  sequence through a booster pump, 3 f i l t e r ,  standard house- 
ho ld  ca t i on  exchange water sof teners,  a second f i l t e r .  a second booster ;lump, a 
t h i r d  f i l t e r ,  and i n t o  a covered ho ld ing  tank. The f i r s t  and t h i r d  f i ' ,ers 
were r e a d i l y  a v a i l a b l e  diatomaceoiis ear th  f i l t e r s  made f o r  use w i t h  home swim- 
ming pools. These f i l t e r s  replaced e a r l i e r  f i l t e r s  t h a t  were not s a t i s f a c t o r y .  
The second booster pump and the second and t h i r d  f i l t e r s  had s u f f i c i e n t  capac- 
i t y  t o  a l l ow  a stream o f  water t o  be withdrawn from the  ho ld ing  tank and recy- 
c l e d  through t h e  second and t h i r d  f i l t e r s .  The process l ayou t  i s  shown i n  
F igu re  6-7. The water chemistry o f  samples taken from t h e  ho ld ing  tank ( o r  
main conta iner)  i s  included i n  Table A-2. The s toraye pond shown i n  t h e  layout  
was i n s t a l l e d  c i r i y i n a l l y  t o  h o l d  water brought i n  by tank trtJCk, but  t h i s  
method o f  supply proved unsa t i s fac to ry ,  e i t h e r  because of ground water 
encroachment or s a l t  spray f a l l o u t  from the  a i r  f o r  c e r t a i n  wind d i rec t i ons .  
Water from the  pond was not used. Some o f  t h e  i m p u r i t i e s  i n  t h e  water froin t h e  
tower may have been s a l t s  scrubbed from t h e  a i r .  Close a t t e n t i o n  t o  t h e  water 
treatment and water qual i t y  was very important. The diatomaceous ea r th  f i l t e r s  
normal ly remove p a r t i c l e s  down t o  1 km s i z e  o r  smal ler ,  but  p o l i s h i n g  f i l t e r s  
on the  power p l a n t  were l e f t  i n  p lace t o  remove p a r t i c l e s  down t o  25 pin i n  case 
o f  upset. U n t i l  t he  diatoinaceous ea r th  f i l t e r s  were i n s t a l l e d ,  t h e  p o l i s h i n g  
f i l t e r s  plugged i n  about wo hours o f  operation, t r i p p i n g  the  sa fe ty  shutdown 
system. 
r o s i v e  and was not removed. 
The water from the  t ranspor t  
Hydrogen s u l f i d e  c a r r i e d  Sn the  water from the  coo l i ng  tower was cor-  
(Tee Sect ion I X  f o r  a repo r t  o f  corrosion.)  
2. Italy 
Water f o r  the sha f t  seals was obtained from a shal low we l l  and was 
t r e a t e d  i n  a commercial-size water so f ten ing  system shown schemat ica l ly  i n  
F igure 6-5 before being sent through t h e  p o l i s h i n g  f i l t e r s  on t h e  power p lan t .  




Water low i n  calc i i im and sodium carbonate hardness was obtained i n -  
d i r e c t l y  f r o m  a r i v e r  t h a t  passed near the  s i t e .  The 5eal f l usn  water suppl ied 
t o  the  HSE was o r e f i l t e r e d  t o  l e v e l s  exceeding the ir ianufactt irer 's s p e c i f i c a t i o n  
of 25 pm. D u r i r g  the performance t e s t s ,  \rater f i l t r d t i o n  t o  a l e v e l  o f  12pm 
was performed usiny c a r t r i d y e  f i l t e r s .  
s h a f t  seal assembly showed seal damaye, apparent ly from abrasion and p a r t i c u -  
l a t e  mat ter  w i t h i n  the assembly. 
A f t e r  these tes ts ,  i nspec t i on  of one 
Therefore, f o r  t h e  endurance t e s t ,  a didtoma- 
ea r tn  iJ,ctem was i n s t a l l e d  t o  perform p r e f i l t r a i i o n  t o  a l e v e l  o f  1.5 pm. 
LOAD 
A t  a l l  i n s t a l l a t i o n s  t h e  
ssipated i n  a r e s i s t i v e  
e l e c t r i c a l  energy generated by t h e  power p l a n t  
oad bank suppl ied as p a r t  o f  t he  t e s t  equipment 
6-10 
and described i n  Ref. 1 ,  p. 2-17. 
power p l a n t  was converted from 60 Hz t o  50 Hz and the  output vo l tage was 
reduced from 480 V t o  t y p i c a l l y  430 V. Loads could be incremented i n  steps o f  
50 kW a t  480 V as i n  Utah and Mexico and i n  increments o f  approximately 40 kW 
a t  430 V as i n  I t a l y  and New Zealand. I n  I t a l y  fo r  some of the t e s t i n g  t h e  
power p lan t  was connected w i t h  t h e  I t a l i a n  e l e c t r i c a l  g r i d  according t o  t h e  
e l e c t r i c a l  sketch shown i n  F igure  6-8. No attempt was made t o  synchronize w i t h  
t h e  Mexico o r  N e w  Zealand e l e c t r i c a l  g r i d s  due t o  t h e  d is tance of t h e  s i t e s  
from s u i t a b l e  t ransmission l ines .  
I n  preparat ion for  the  t e s t i n g  i n  I taly, t h e  
0. AUXILIARY POWER 
A u x i l i a r y  power was provided by d iese l  generators a t  the t e s t  s i t e s  i n  
I n  I t a l y ,  a u x i l i a r y  power was provided from t h e  Mexico and N e w  Zealand. 
I t a 1  ian  e l e c t r i c a l  gr id .  
E. PROCESS AND PERFORMANCE MONITORING 
1. Instruments 
A l l  i n s t a l l a t i o n s  were instrumented t o  enable performance and 
selected process var iab les t o  be logged. 
moni tor ing t h e  performance var iab les  are shown on t h e  process schematics f o r  
each i n s t a l l a t i o n ,  i n  Figures 6-1 through 6-6. For t h e  Cerro P r i e t o  i n s t a l l a -  
t ions ,  t h e  process var iab les  are l i s t e d  on t h e  schematics, Figures 6-1 and 6-2, 
and f o r  t h e  Cesano and Broadlands i n s t a l l a t i o n s  they are l i s t e d  separately, as 
nomenclature i n  Table B-2 f o r  Cesano, ;ind as var iab les  logged i n  Table C - 2  f o r  
Broadlands. The s i m i l a r i t y  i n  the  l i s t s  o f  var iab les i s  r e a d i l y  apparent and 
i s  t o  be expected. Table C - 2  includes HSE bear ing temperatures and a l t e r n a t o r  
winding temperatures which were measured a t  a l l  s i tes .  
The loca t ions  o f  the  instruments 
The l i s t  o f  transducers used i , ~  t h e  Broadlands i n s t a l l a t i o n  i s  pre- 
sented i n  d e t a i l  i n  Table C-3 and may be considered t y p i c a l .  This 1 i s t  i s  p a r t  
o f  a longer l i s t  of the  transducers t h a t  were used i n  the  p r i o r  work i n  i'tah. 
A l l  the process transducers were c a l i b r a t e d  f o r  each i n s t a l l a t i o r 1  
p r i o r  t o  the commencement o f  the t e s t i n g  using the same c a l i b r a t i o n  equipment, 
and checks were performed dur ino t h e  t e s t i n g  t o  ensure r e l i a b l e  data were being 
1 ogged. 
I n  the  i n t e r e s t  of consistency, wherever poss ib le  the same i n s t r u -  
ments were used a t  a l l  o f  the  t e s t  s i tes ,  although i n  some cases t h e  assignment 
w i t h i n  the process schematic was rear mged. 
Notable inst rumentat ion d i f ferences among the i n s t a l l a t i o n s  were as 
f 01 1 ows : 
a-  
(see F igure 6 - 1 ) ,  the  measurement o f  l i q u i d  separated from the HSE exhaust was 
b,y weir.  A l l  o ther  measurements of flow of f l u i d  t h r o q h  the HSE were by 
o r i f i c e .  The vapor measurements used f lange taps as had been done i n  Utah, 
whereas the l i q u i d  measurement i n  the second process (see F igure  6-2) lrsed 
pressure taps a t  0 and D/2 l oca t ions  according t o  t h e  ASME convention. 









b. I t a l y .  A t  Cesano 1, t h e  f low o f  l i q u i d  from the separator f o r  
deliver;. t o  the  !iSE was measured by a mastietic flowmeter w i th  a removable elec- 
troce. The metering tube was o f  PTFE, scwiceab le  t o  180°C and 40 bar. Cold 
Waf:* was in jec ted  upstream of the  magnetic flowmeter t o  avoid b o i l i n g  w i th r l i  
t he  meter. 
D/2 taps conforming t o  ASME convention. 
The f lowrate o f  the vapor phase was measured by o r i f i c e  w i th  D and 
c. New Zealand. I n  the  Broadlands i n s t a l l a t i o n ,  f lowrates were 
metered using D - L o r i f i c e  p la tes conforming t o  the  B r i t i s h  Standard, BS 
1042 P t .  1. As i n  Utah and Mexico, the  water o r i f i c e  p l a t e  was i n s t a l l e d  w i t h  
su f f i c i en t  head t o  avoid f lash ing  a t  t he  o r i f i c e .  
2. Data Acquisftion 
The data acqu is i t ion  system was b u i l t  around Hewl2tt-Packard equip- 
ment and i s  described i n  d e t a i l  i n  Ref. 1, pp. 2-17 t o  ?-42. Each Host Country 
adapted the computer programs supplied t q  s u i t  the corrqsponding i n s t a l  l a t i o n .  
The operat ing programs calculated, on-1 ine, the isent rop ic  e f f i c i ency  o f  tne  
HSE. The equations spec i f i c  t o  the  Mexican, I t a l i a n  and New Zealand t e s t  pro- 
grammes are documented i n  Refs. A, 8 and C, respect ively.  A l l  operat ing pro- 
grams logged t e s t  data on tape cassettes automat ical ly a t  pre-set i n te rva l s  and 
by operator command. 
The instrumentation and data logging f a c i l i t i e s  enab?;.d easy, re1 i- 
able monitoring and recording of the  data generated from the t e s t  programs a t  





Tests were done t o  measure the  performance o f  the  HSE and power p lan t  
under various process conditions arld t o  assess the  d u r a b i l i t y  and operat ional  
problems o f  the equipment. The t e s t  a c t i v i t i e s  were car r ied  out appr2Aimately 
as follow; (Ref. A): 
Equipment Reception and Ins ta l l a t i on :  
December 1, 1979 - February 10, 1980 
During t h i s  period the power p lan t  was i n s t a l l e d  a t  wel l  M-11 
according t o  the orocess schematic o f  Figure 6-1 f o r  t e s t i n g  w i t h  
atmospheric pressure discharge. A1 1 other equipment i n s t a l l a t i o n s  
were started. 
Aux i l ia ry  Equipment I n s t a l  l a t i o n  and Ver i f i ca t ion :  
February il, 1980 - March 30, 1980 
Aux i l ia ry  t e s t  support equipment was i n s t a l l e d  and tested. The data 
acqu is i t ion  system f o r  use with the computer was v e r i f i e d  and the 
instruments were cal ib ra ted  and ins ta l  led. 
Various Test Exercises: 
Warch 31, 1980 - May 31, 1980 
The HSE was operated a t  d i f f e r e n t  i n l e t  pressures and loads a t  3000- 
rpm male ro to r  speed. Necessary changes were i d e n t i f i e d  an3 made i n  
t k  mechanical subsystems throughout the period. Approximately 
17.67 MWh of  e lec2 r i c i t y  were generated dur ing 70 hours o f  test ing.  
Data obtained duriqg t b i s  per iod were prel iminary pendipg instrument 
i ns ta l  l a t i o n  improvements and completion of  the computer program. 
Endurance Test: 
May 31, 1980 - July  2Q, 1980 
The power p lant  was cperated a t  f u l l  wel l  capdcity t o  determine dur- 
a b i l i t y  and operational problems. Nominal condi t ions were i n l e t  
p r s s u r e  180 psia, i n l e t  qua l i t y  228, and e l e c t r i c a l  load 850 kW. 
The tes t  was in ter r i ip ted on June 8 by an earthquake, on June 18 by a 
steam leak, on June 26 by va r ia t i on  i n  the wellhead pressure, on 
Ju ly  8 by a ruptured disc,  on Ju ly  15 by high wellhead pressure, and 
on Ju ly  20 by a load bank problem. The t e s t  to ta led  approximately 
985 hours o f  operation, dur icg  which 826.5 MWh o f  e l e c t r i c i t y  were 
generated. 
Various Tests: 
Ju ly  29, 1980 - August 28, 1980 
7-1 
During t h i s  period, t es ts  were car r ied  out a t  3000- and 4000-rpm 
male ro to r  speeds a t  d i f f e r e n t  i n l e t  and ou t l e t  pressures, i n l e t  
qua l i t y  and applied loads. The range of operating conditions was as 
follows: 
I n l e t  pressure, nominal (ps ia)  100, 140, 180 
Exhaust pressure 
E lec t r i ca l  load (kW) 211 t o  857 
I n l e t  qua l i t y ,  random ( X )  10 t o  34 
Atmosphere and 25 t o  40 psia 
Approximately 3.45 MWh o f  e l e c t r i c i t y  were generated during the 9.23 
hours of these various tests. 
(6) Condenser Ins ta l la t ions :  
September 1, 1980 - December 4, 1980 
During t h i s  period the i n s t a l l a t i o n  was revised t o  carry out con- 
densing tes ts  according t o  the  process schematic of Figure 6-2. The 
aux i l i a ry  changes were made, and the computer program was adapted t o  
analyze the  machine behavior under the  new tes t i ng  conditions. 
(7 )  I n s t a l l a t i o n  Exercises: 
December 5, 1980 - January 28, 1981 
The i n s t a l l a t i o n  was subjected t o  various exercises t o  v e r i f y  the 
i ns ta l  l a t  ion and computer program revisions. Necessary adjustments 
and equipment repairs were i d e n t i f i e d  and made throughout t h i s  
period. 
January 29, 1981 - February 20, 1981 (8)  Various Tests: 
During t h i s  period, tes ts  were run a t  3000- and 4000-rpm male r o t o r  
speed, a t  d i f f e r e n t  i n l e t  and ou t l e t  presstires and applied leads, 
The range o f  operating ccndit ions was as follows: 
I n l e t  pressure ( p s i a !  
I n l e t  qua l i t y  (%) 
Exhaust pressure (ps ia)  
E lec t r i ca l  load (kW) 
64 t o  183 
near 0 t o  26 
3.1 t o  16.2 
123 t o  933 
These tes ts  were performed during 37.35 t e s t  hoiirs during which 10.1 
MWh o f  e l e c t r i c i t y  were generated. 
(9) Equipment Disassembly: 
February 23, 1981 - Apr i l  15, 1981 
The disassembly o f  the equipment and preparations f o r  shipment t o  
I t a l y  were car r ied  out. During t h i s  period the fo l lowing item were 
changed by HPC as par t  o f  the conversion o f  the power p lan t  f o r  the 
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h. 
C. 
A1 te rna tor  exc i te r  
Overspeed switch 
Underspeed switch 
frequency meter on power p lan t  
frequency meter i n  data van 
Ki lowat t  transducer 
O i l  booster pump motor 
Centr i fuge system: transmission gears, clutch, solenoid 
I n  addition, t he  50- and 60-Ht k i lowat t  transducers and the  k i l owa t t  
hour meter were factory-cal ibrated. 
B. ITALY 
The tes t ing  o f  the HSE was par t  o f  a broader programme of experimental 
a c t i v i t y  planned f o r  t h i s  t e s t  i ns ta l l a t i on .  
The tes ts  a t  Cesano 1 wel l  were designed t o  determine the e f f i c iency  and 
r e l i a b i l i t y  o f  t h e  HSE when operating on h igh ly  sca l ing f l u i d s  and t o  
demonstrate the operation o f  the HSE power p lant  connected t o  the  national 
e l  ect  r i ca 1 g r i d  . 
It was known i n  advance that  the rap id ra tes of scale deposition would 
create serious tes t  d i f f i c u l t ' e s .  
The operating periods o f  the Cesano 1 t e s t  i ns ta l i ac ion  f o r  September 
1981 through A p r i l  1982 are summarized i n  f i g u r e  7-1. 
include tests  c f  the p i l o t  p lan t  without the HSE, s c a l i  i n h i b i t o r  tests ,  
t es t i ng  o f  the ASE, and cleaning o f  t he  well. As can be seen from the f igure,  
the tes t ipg  o f  the HSE occurred mostly dur ins November 1981 and March 1982. 
The chronology o f  s i t e  operations, from July  20, 1981 when the  HSE ar r ived  a t  
the s i t e  through June 25, 1982 when i t was shipped, i s  presented i n  Table B-3. 
These operations arc summarized as follows: 
The s i t e  operations 
(1) Fquipment Reception and Ins ta l ia t ions :  
Ju ly  20, 1981 - October 5, 1981 
The i n s t a l l a t i o n  o f  the Cesano 1 (Figure 6-3) p i l o t  p lan t  without 
the  HSE was f in ished a t  the  end o f  Ju l y  1981. The HSE and 
associated equipment ar r ived on the s i t e  July 20, 1981. The HSE 
hook-up was f in ished around October 5 (Figure 6-4). The f luorescent 
l i g h t s  and the a i r  condit ioner i n  the  data van were changed f o r  the  
50-Ht operation, and a 1154,  3-kW transformer power supply was 
ins ta l  led. Down-well scale i n h i b i t o r  tes ts  were done during t h i s  
period. 
(2)  We1 1 Cleaning and D a t a  System Preparation: 
October 6, 1981 - November 17, 1981 
Following the down-well scale i n h i b i t o r  tests ,  it was necessary t o  










time, t h e  instruments were cal ibrated, i n s t a l  l ed  and checked, and 
the  computer program supplied w i th  the  equipment was adapted f o r  use 
a t  t h i s  i ns ta l l a t i on .  Program rev is ions f o r  the thermodynamics o f  
t h e  Cesano 1 f l u i d s  were deferred, 
( 3 )  I n i t i a t i o n  o f  HSE Performance Test Operations: 
November 18, 1981 - December P, 1981 
The HSE was tested i n te rm i t ten t l y  under various c m d i t i o n s  t o  deter- 
mine i t s  performance on Cesano 1 f lu ids .  The i n i t i a l  t e s t  was 
attempted w i t h  only vapor from the  separator but i n  order t o  produce 
an adequate f low o f  vapor it was necessary t o  overdrive the  separa- 
t o r  because it was too small. Scraping noises and chat ter  i n  the  
HSE began before t h e  HSE was up t o  temperature and f u l l  speed, and 
were believed t o  be caused by scale deposits from br ine  carry-over 
i n  the vapor. The reasons f o r  s t a r t i n g  the  operation on the  vapor 
phase was t o  achieve s tab le HSE operation w i th  a machine f ree  o f  
scale and then t o  monitor performance changes as the scale deposi- 
t i o n  occurred, but the rap id scale deposit ion made t h i s  impossible. 
Test operation was resumed using the  l i q u i d  phase. The scraping and 
chat ter  occurred again and occasional strong v ibrat ions were noted. 
This behcvior was assessed and it was decided t o  continue t h e  
tests. 
Rapid scale growth throughout the  process p ip ing impeded the  t e s t  
operations. Many stops were necessary t o  clean the f i l t e r  basket 
(Figure 7-2) i n  the  i n l e t  separator. For the  December 2 test ,  the 
basket was cleaned ten times. 
During some of t he  tests, t he  HSE exhaust por t  and exhaust pipe 
experienced a g lase r i t e  scale growth o f  about 2 cm/h. The problem 
was p a r t l y  reduced by i n j e c t i n g  f resh water i n t o  the  exhaust through 
por ts  i n  the  exhaust housicg. Assorted samples o f  scale (shown i n  
Figure 1-3) include, from w i t h i n  the HSE exhaust region, pieces w i th  
cy l i nd r i ca l  faces shaped by the  rotors. 
The strongest v ibrat ions w i th in  the  HSE were believed t o  have been 
caused by scale coming 'oose w i th in  t h e  machine and i n t e r f e r i n g  w i t h  
the  rotors, w i th  lessor v ibrat ions or  chat ter  being caused b.y scale 
s t i l l  attached. Eventually seals i n  three o f  the  four shaf t  seal 
assembl ies  became damaged, leading t o  abnormal o i l  consumption i n  
excess o f  10 gph a f t e r  about 26 hours o f  operation inc lud ing i d l i n g  
without load. The t e s t  a c t i v i t i e s  were halted t o  repai r  these shaft 
seals, t o  clean the  process i n s t a l l a t i o n  and t o  make minor process 
changes. Before the t e s t  a c t i v i t i e s  were halted, the  power p lant  
was connected t o  the  g r i d  f o r  14 hours. 
The t e s t  a c t i v i t i e s  i n  November and December produced a t o t a l  o f  
7.74 MWh of e l e c t r i c a l  energy during 23.46 hours of e l e c t r i c i t y  pro- 
duction. The tes ts  showed a need t o  increase the  f l u i d  supply t o  
the  expander, both through the  separator f o r  measured performance 
and d i r e c t l y  from the wellhead f o r  t e s t  and demonstration purposes. 
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(4 )  Shaft Seal Repair dnd Process I n s t a l  l a t i o n  Renovation: 
December 2, 1981 - March 10, 1982 
Thorough inspect ion o f  t h e  damaged s h a f t  seals showed t h a t  some o f  
t he  carbon segments had cracked a t  t h e  notch t h a t  was provided for  a 
l ock ing  p i n .  
could be detected. 
1224 hours. 
No wear on any of t h e  races o r  o the r  sea!ing surfaces 
Tile i o ta1  operat ing t ime on the  seals was then 
The r e p a i r  involved r e v i s i n g  the l ock ing  p ins  t o  d i s t r i b u t e  t h e  
s t ress i n  t h e  carbon segments, us ing an e x i s t i n g  set  of spare seal 
assemblies. Secondary passages o r  bleed p o r t s  were provided i n  t h e  
seal assemblies t o  a l l ow  t h e  recapture o f  t h e  o i l  t h a t  normal ly  
leaks past t he  seals i n to  the  f l u s h  water. Appropr iate recapture 
passages were machined ir?tn t h o  HSE housing t o  a l l ow  recovery o f  t h e  
recaptured o i l .  Th is  o i l  recapture and recovery scheme was cqnsid- 
ered du r ing  t h e  designing a f  seals but was not  implement4 a t  t h a t  
t ime (see Sect ion 1 I . A ) .  The improved seal assemblies were i n s t a l -  
led; t h e  four th ,  undamaged assembly remained i n  t h e  HSE. No bleed 
p o r t  o r  recovery passages were i n s t a l  l e d  f o r  t h e  f o u r t h  assembly, 
and none o f  t he  other  t h r e e  was connected f o r  use a t  t h i s  time. The 
c e n t r i f u g e  was not l a r g e  enough f o r  t h i s  added load and t h e r e  was 
n e i t h e r  t ime nor money f o r  a l t e r n a t i v e  measures. 
I n  t h e  process i n s t a l l a t  ion, t h e  valves, separators and p i p e l i n e s  
were cleaned. A new, l a r g e  c o n e - f i l t e r  was designed and i n s t a l l e d  
upstream o f  t h e  HSE t o  avoid t h e  many stops due t o  t h e  c'.ogging o f  
t h e  basket f i l t e r .  A new p i p e l i n e  was i n s t a l l e d  between t h e  w e l l -  
head and t h e  new f i l t e r ,  and p i p i n g  changes were made so t h a t  t h e  S1 
and S2 separators (F igu re  6-3) could be operated simultaneously t o  
increase t h e  f l u i d  supply t c  t h e  HSE. 
(5) Cont inuat ion o f  Performance Tests: 
March i o ,  1982 - March 11, 1982 
Performance t e s t s  were made a t  loads up t o  460 kW, t h e  maximum 
a v a i l a b l e  w i t h  f l u i d  from t h e  two separators working i n  p a r a l l e l .  
Loss o f  o i l  through t h e  new low-pressure male s h a f t  seal assembly 
was detected almost immediately a f t e r  s tar t -up.  The power p l a n t  was 
connected t o  the  ENCL e l e c t r i c a l  g r i d  f o r  p a r t  o f  the operation. 
During t h e  t e s t i n g ,  t h e  we l l  began t o  clog. Notwithstandirtg t h e  
f l u s h i n g  w i t h  f resh water, t h e  exhaust p ipe a lso began t o  clog. The 
operat ion was stopped t o  clean the  we l l  and t h e  HSE exhaust pipe. 
March 12, 1982 - March 23, 1982 
( 6 )  Cleaning o f  t h e  Well and the HSE Exhaust Pipe: 
The we l l  and the  HSE exhaust p ipe were cleaned. Some i n j e c t  
t e s t s  on t h e  w e l l  were c a r r i e d  out t o  v e r i f y  i t s  cond i t i on .  
a t ions were made t o  i n s t a l l  o i l  recovery l i n e s  from t h e  spec 





(7 )  Completion o f  Performance and Demonstration Tests: 
March 23, 1982 - A p r i l  1, 1982 
Measured performance t e s t s  were made a t  var ious loads up t o  a maxi- 
mum o f  about 450 kW and a t  var ious i n l e t  pressures and t h r o t t l e  
pos i t i ons .  Rapid sca le  growth i n  t h e  HSE exhaust s jstem caused e le-  
va t i on  i n  t h e  o u t l e t  pressure, a drop i n  machine e f f i c i e n c y ,  and 
s t i f f e n i n g  o f  t h e  f l e x i b l e  sec t i on  o f  t h e  exhaust pipe. The t e s t s  
were stopped t o  clean t h e  exhaust system. Pieces of sca le more than 
10-cm t h i c k  were found (Figures 7-4 and 7-5). O i l  l o s t  from t h e  
l eek ing  seal assembly was recovered through t h e  recapture p o r t  and 
sent t o  a ho ld ing tank f o r  separat ion from t h e  f l ush  water. Use of 
t h e  cen t r i f uge  would have been p re fe r red  but i t s  capaci ty  was not 
s u f f i c i e n t  t o  handle t h i s  added load or  s i m i l a r  loads from t h e  o the r  
assemblies should they occur. Separation i n  the  ho ld ing  tank was 
poor and was aided by heat ing the  m ix tu re  i n  the. tank. 
The t e s t i n g  was resumed and coupl ing t o  t h e  ENEL g r i d  was attempted. 
The coupl ing operat ion was rough, causing t h e  shear p ins  i n  a shear 
coupl ing i n  t h e  HSE power p l a n t  t o  shear, probably because the  syn- 
ch ron iza t i on  and coup1 i n g  operat ion was manual. (For a d iscuss ion 
o f  t h e  purpose o f  t h e  shear coupling, see Ref. 1, p. 2-10.) New 
shear p ins were constructed i n  t h e  ENEL workshop i n  L a r d e r e l l o  and 
then i n s t a l l e d  i n  t h e  HSE so t h e  t e s t s  could resume. Tests were 
then done on l i q u i d  only. A f t e r  a few hours, t h e  t e s t  was h a l t e d  t o  
permit  c leaning t h e  p i p e l i n e  t o  the  disposal  ve l  1, t h e  separator 
p lan t ,  t h e  con t ro l  valves and the  valves near t h e  wellhead. 
A f t e r  t h e  cleaning, t h e  power p l a n t  was operated d i r e c t l y  from t h e  
wellhead t o  demonstrate t h e  maximum p roduc ib le  power o f  550 kW. 
Under t h i s  condi t ion,  t h e  pressure drop i n  t h e  p i p e l i n e  and f i l t e r s  
was about 24 ps i ,  l a r g e l y  because of sca le deposi ts.  The operat ion 
was then converted t o  measured performance us ing t h e  separators, 
f i r s t  w i t h  l i q u i d  only,  then l i q u i d  and vapor. Dur ing t h i s  t e s t  i t  
became necessary t o  stop again t o  clean t h e  exhaust p ipe because t h e  
discharge pressure s t e a d i l y  increased. 
The f i n a l  t e s t  determined t h e  perFormance o f  t h e  HSE a t  t h e  maximum 
producib le  power of 260 kW from the  l i q u i d  phase us ing both separa- 
tors .  The separator capaci ty  was l i m i t e d  by excessive e n t r y  veloc- 
i t y  because o f  scale i n  the  supply l i n e s .  
w i t h  a check o f  t h e  governor behavior a t  no l oad  w i t h  l i q u i d  and 
vapor feed t o  t h e  HSE. The check demonstrated t h a t  t he  power p l a n t  
would i d l e  s t e a d i l y  a t  an i n l e t  pressure t o  t h e  HSE o f  180 ps ia i f  
t h e  governor were adjusted f o r  a h igh droop. 
The t e s t  was terminated 
A l l  o f  t he  ob jec t i ves  o f  t he  HSE t e s t s  were considered reached and 
t h e  p l a n t  was shut i n .  Dur ing t h e  t e s t s ,  t h e  power p l a n t  produced 
26.46 MWh o f  e l e c t r i c i t y  and logged 121 t e s t  hours, o f  which 53 were 
w h i l e  connected t o  the  I t a l i a n  e l e c t r i c a l  g r i d .  
(8 )  Disassembly and Packing f o r  Shipment: 
A p r i l  1, 1982 - June 25, 1982 
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The power p l a n t  and associated t e s t  equipment, was disassembled and 
packed f o r  shipment t o  NEW Zealand. 
C. NEW ZEALAN3 
The t e s t s  were designed t o  prov ide data on t h e  operat ion o f  t h e  HSE i n  
the  two main areas o f  performance and endurance. Performance was monitored a t  
two r o t a t i o n a l  speeds over a range o f  f l u i d  i n l e t  cond i t i ons  and appl ied loads. 
An endurance t e s t  assessed t h e  re1 i a b i l  i t y  and maintenance requirements o f  t h e  
equ i pment . 
A t e s t  chronology i s  presented i n  Table C-4. The operat ions,  beginning 
w i t h  t h e  a r r i v a l  of t h e  HSE, a re  summarized as fo l lows:  
Equipment Reception, I n s t a l l a t i o n  and Preparat ions:  
September 2, 1982 - October 19, 1982 
The HSE and associated equipment a r r i v e d  a t  t h e  s i t e  and was 
i r s t a l l e d  according t o  t h e  process schematic shown i n  F igure 6-6. 
The i n s t r m e n t s  wer2 c a l i b r a t s d  and i n s t a l l e d  and t h e  computer pro- 
gram was modif ied t o  s u i t  t h e  s i t e  and was v e r i f i e d .  A l l  necessary 
equipment repa f rs  were done and t h e  i n s t a l l a t i o n  was completed and 
tested. 
Performance Tests: 
October 20, 1982 - December 14, 1982 
The HSE was run i n t e r m i t t e n t l y  du r ing  the  performance t e s t  per iod.  
The e l e c t r i c a l  energy generated ktas 35.4 MWh from 102 hours o f  oper- 
a t ion.  Performance t e s t i n g  encompassed a wide range of operat ing 
condi t ions i n  order t o  map t h e  operat ional  c h a r a c t e r i s t i c s  o f  t h e  
HSE. S i g n i f i c a n t  improvement ir! t h e  e f f i c i e n c y  o f  t h e  p l a n t  was not  
expected w i t h  depos i t i on  due t o  t h e  low s c a l i n g  p o t e n t i a l  o f  t he  
Broadlands geothermal f l u i d .  The HSE was t e s t e d  a t  two speeds i n  
order t o  assess t h e  e f f e c t  o f  r o t o r  t i p  v e l o c i t y  on performance. No 
condensing t e s t i n g  was planned. 
The t e s t s  were c a r r i e d  out under t h e  f o l l o w i n g  condi t ions:  
I n l e t  pressure ( p s i a )  
I n l e t  steam q u a l i t y  ( % )  
Exhaust pressure 
E l e c t r i c a l  load (kW) 
E l e c t r i c a l  frequency ( i i z )  
Mal e r o t o r  speed (rpm) 
100, 140, 180, 220 
0, 10, 25, 50, 100 
atmospher i c  pressure 
t o  850 
50 2 .4  
25il0, 3333 
The p l a n t  was preheated f o r  30 t o  60 minutes before being brought up 
t o  speed and e x c i t i n g  t h e  a l t e - n a t o r .  
problem continued f o l l o w i n g  the  replacement o f  t h e  male low-pressure 
sha f t  seal assembly. This f a u l t  taxed t h e  o i l / w a t e r  separat ion cen- 
t r i f u g e  beyond i t s  capaci ty  du r ing  t h e  New Zealand performance t e s t s  
u n t i l  a replacemert seal assembly was i n s t a l l e d  i n  February 1983 
p r i o r  t o  t h e  endurance t e s t .  
I n  I t a l y  a shaft  sea l i ng  
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The vo l tage r e g u l a t o r  on the  HSE a l t e r n a t o r  malfunctioned i n  
November 1982 and t e s t i n g  ceased on November 12 u n t i l  a replacement 
r e g u l a t o r  was i n s t a l l e d  on November 29. Dur ing the  t e s t  i n t e r r u p -  
t i o n ,  t h e  2500-rpm gear set  was i n s t d l l e d .  The regu la to r  malfunc- 
t i o n  cut  shor t  t he  t e s t i n g  a t  3333 rpm, res i i ! t ing i n  the  3333-rpm 
data being incomplete f o r  an i n l e t  pressure o f  180 ps ia  and a 10% 
steam q u a l i t y .  
Data loggicg du r ing  t h e  performance t e s t s  was performed a t  the d i s -  
c r e t i o n  o f  t h e  computer o; ierator, who ensured t ! ta t  t h e  p l a n t  and 
process cor;di t ions were s t a b l e  hefore loggi t ig  data. 
Endurance Test Preparat ions:  
FebrLary 6, 1983 - February 23, 1983 
Preparat ions were made f o r  t h e  endurance t e s t .  .The preparat ions 
consis ted p r i n c i p a l l y  o f  ( 1 )  rep lac ing  t h e  male low-pressure seal 
assembly, (2)  modi fy ing t h e  p i p i n g  fo r  t h e  c e n t r i f u g e  and sha f t  seal 
f l u s h  water, ( 3 )  i n s t a l l i n g  a diatomaceous ea r th  water f i l t r a t i o n  
p lan t ,  and ( 4 )  r e i n s t a l l i n g  the  gear set  f o r  t e s t i n g  a t  3333 rpm. 
Dur ing t h e  replacement o f  t h e  shaft seal assembly, i t  Has discovered 
t h a t  a f l a k e  o f  extraneous ma te r ia l  had lodged under t h e  s ide  face 
o f  one o f  t h e  carbon seal segments, causing t h e  o i l  leakage observed 
a f t e r  i n s t a l l a t i o n  i n  I t a l y .  The f l a k e  had spa l l ed  from an '.riper- 
f e c t i o n  i n  t h e  face o f  t he  housing, e v i d e n t l y  du r ing  the  assembly o r  
i n s t . a l l a t i o n  o f  t he  seals i n  I t a l y .  This expla ins why the  leakage 
vas immediate and pe rs i s ten t .  Inspect ion a l so  revealed an accumula- 
i i o n  o f  1 i gh t - co lo red  p a r t i c i l l  ates throughout t h e  seal assembly, 
i nc lud ing  on the  races. A t  t h e  t ime of t h e  inspect ion,  these par- 
t i c b l a t e s  were i d e n t i f i e d  as pumice from t h e  r i v e r .  Two types o f  
wear damage were a l so  seen. The races under the hydraload seals 
were grooved, and pumice was found under the seals, although t h e  
seals themselves appeared t o  be undamaged. 
hushing seal was not damaged, but t he  carbon was; carbon was e a s i l y  
wiped o f f  t h e  sea l i ng  face. Recause the same water supply fed a l l  
four  seal assemblies, it i s  reasonable t o  assume t h a t  s i m i l a r  pumice 
loading occurred i n  the other three assemblies, hut  they were not 
inspected o r  cleaned. A poss ib le  a l t e r n a t i v e  t o  damage by pumice o r  
o ther  p a r t i c u l a t e s  from t h e  r i v e r  ex i s t s .  This a l t e r n a t i v e  i s  
damage by p a r t i c u l a t e s  l e f t  behind a f t e r  t he  g r i i l d ing  o r  d r i l l i n g  
done i n  t h e  HSE case dur ing t h e  i n s t a l l a t i o n  of t he  o i l  recovery 
passages i n  I t a l y .  The cause o f  damage observed fn New Zealand 
a f t e r  98 hours o f  operat ion i n  I t a l y  and 102 hours o f  operat ion i n  
New Zealand must be r a t i o n a l i z e d  w i t h  the  absence o f  aetectable wear 
i n  the  th ree  seal assemblies which were removed i n  I t a l y  a f t e r  1224 
hours o f  p r i o r  operat ion.  
The race under the  
The discovery o f  both pumice and seal damage f rom wear l e d  t o  t.he 
i n s t a l l a t i o n  of t h e  diatomaceous ear th  water f i l t r a t i o n  p lan t .  I t  
should be noted t h a t  diatomaceous ea r th  f i l t e r s  were used w i t h  
success i n  Mexico t o  p r o t e c t  t h e  sha f t  seals from damage by d i r t  i n  
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t h e  water supply dur ing  most o f  t h e  1100 hours o f  operat ion there;  
subsequent inspect ion of t h r e e  of t h e  seal assemblies i n  I t a l y  
showed no sign o f  seal o r  race wear. 
( 4 )  Endurance Test: 
February 4, 1983 - May 3, 19C3 
The endarance t e s t  was terminated ahead of schedule on t h e  69th day 
b x s u s e  a f  axccssive shaf t  seal of1 leakage. A 90-day t e s t  haa been 
planned. The cacse o f  t h e  sfraft  sea’ leakage was not  determined. 
The e l e c t r i c a l  energy generated was 1.3 GWh from 1632.7 hours o f  
operat ion of which f o r  1534 hours the  operat ion was run cont inuously 
dur ing  t h e  t e s t .  The p l a n t  was automat ica l ly  shut down on March 4 
by t h e  safety  shutdown c i r c u i t r y  when t h e  overspeed switch t r ipped.  
The switch was reF ic  and the  t e s t  continued. 
The p l a n t  operJt ing condi t ions were selected t o  ensure t h a t  s tab le  
governor speed cont ro l  could be maintained i n  the  event o f  e l e c t r i -  
c a l  load or  i n l e t  pressure var ia t ions .  
The operat ing cond i t ions  were as fo l lows: 
I n l e t  preszure ( p s i a )  
I n l e t  q u a l i t y  (%) 
Ex haus t pres su r e  
E l e c t r i c a l  load (kW) 
T h r o t t l e  p o s i t i o n  ( X )  
I s e n t r o p i c  e f f i c i e n c y  ( X )  
(Calculated) 
177 t o  182 
25 t o  27.3 
atmos pher i c 
802 t o  812 
47 t o  61 
43 t o  46.5 
The HSE was designed as a wellhead generating u n i t .  Under these 
condi t ions the  p l a n t  must be capable of running unattended. 
quent ly  t h e  t e s t  h 
v is ion .  
Conse- 
set up t o  run w i t h  a minimum o f  operator super- 
P l a n t  checks were performed hol l r ly  f o r  t h e  f i r s t  th ree  days o f  the  
t e s t .  The i n t e r v a l  between c h c k s  was then increased u n t i l  checks 
were performed d a i l y  a t  8:OO and 14:OO hours dur ing the  working week 
and once every 24 hours on weekends and hol  idays. 
once every 24 hours was considered adequate f o r  t h i s  u n i t .  
A p l a n t  check 
A performance record o f  the  p l a n t  was logged hour ly  by the  computer 
dlrr ing t h e  endurance t e s t .  
(5) Inspect ion,  Disassembly, Packing and Shipment: 
May 4, 1983 - June 16, 1983 
The separator p l a n t  was dismantled and returned t o  NZED Wairakei. A 
pos t - tes t  inspect ion o f  t h e  HSE was made t o  determine t h e  extent o f  
sca le  bui ld-up on the r o t o r s  and housing. The power p l a n t  and asso- 
c i a t e d  t e s t  equipment were disassembled from the process i n s t a l l a -  
t i o n ,  packed, and transported t o  Auckland f o r  shipment t o  t h e  USA. 
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SECTION V I 1 1  
TEST RESULTS 
A. MEXICO 
The compiTer program used f o r  logging the  t e s t  data and f o r  ca1cul;ting 
t h e  t e r t  resulLs on - l i ne  du r ing  the  t e s t i n g  i n  Cerro P r i e t o  was based on a com- 
pu te r  program developed f o r  t he  Utah tes ts .  The Utah program contained a sub- 
r o u t i n e  f o r  t h e  thermodynamic p roper t i es  of the geothermal f l u i d s  us ing t h e  
steam t a b l e  data o f  Keenan and Keyes, w i t h  co r rec t i ons  f o r  noncondensable gas- 
es, and s a l t s  up t o  a concentrat ion o f  10%. 
thermodynamic co r rec t  ions were used i n  the  CFE program. Instead, c u r v e - f i t  ap- 
proximat ions t o  steam t:r.ie data were used, w i t h  no co r rec t i ons  f o r  impur i t i es .  
For Cerro P r i e t o  H C : ~  M - 1 1  f l u i d s ,  t h e  correct io f is  were deemed hy CFE t o  be un- 
important, due t o  the  low concert ; -at ion of s a l t s  and noncondensable gases 
(Table A-1). Tile operat ing computer program used on-1 i n e  dur ing the  t e s t i n g  
was not always updated w i t h  ref inements i n  c a l i b r a t i o n  data o r  f l o w  measurement 
parameters du r ing  the  t e s t i n g ,  bu t  d e f e r r i n g  thebe r e v i s i o n s  u n t i l  l a t e r  d i d  
not  impair  t h e  use o f  t h e  program f o r  data logging o r  t e s t  management. 
changed some o f  the nomenclature used i n  t h e  computer p rog rm,  thus making the 
nomenclature d i f f e r e n t  from t h e  nomenclature used a t  t h e  other s i t e s ,  as shown 
i n  Table A-3. 
Nei ther  t h i s  subrout ine nor t h e  
CFE 
S i t e  condi+,ions a t  Cerro P r i e t o  we l l  M-11 were severe and no attempt was 
Ambient temperatures t o  12OOF and made t o  operate t h e  power p l a n t  unattended. 
above caused e l e c t r i c a l  con t ro l  devices t o  deform and/or t o  experience unex- 
pected overload. Corrosion o f  e l e c t r i c a l  and mechanical equipment was a 
ser ious problem. The heavy p a r t i c u l a t e  burden i n  t h e  water supply f o r  the 
sha f t  seals requi red c lose  a t t e n t i o n  t o  and maintenance o f  the seal water 
system, and scale deposi ts from t h e  b r i n e  requi red frequent checking and main- 
tenance o f  some o f  t he  process instruments and process equipment. 
(1 )  Endurance Test 
Th 1 endurance t e s t  was run i n t e r m i t t e n t l y  from May 31, 1980, t o  
J u l y  29, 1980. Dur ing t h e  t e s t ,  t he  power p l a n t  was operated a t  t h e  
maximum power susta inable by t he  we l l .  The f u l l  load t e s t i n g  was 
ccncluded t o  repeat e a r l i e r  performance t e s t s  a t  var ious loads and 
in1  e t  pressures. 
The operat ing condi t ions were as fo l lows:  
I n l e t  pressure ( p s i a )  173 t o  197 
I n l e t  q u a l i t y  (%)  20 t o  35 
Exhaust pressure ( p s i a )  
E l e c t r i c a l  load (kW)  807 t o  882 
I s e n t r o p i c  e f f i c i e n c y  ( X )  
15.0 t o  16.1 
T h r o t t l e  p o s i t i o n  ( X )  60 t o  78 
50 t o  59 
(Cal cu I a t  ed ) 
8-1 
The endurance t c s t  produced approx .mately 825 MWh o f  e l e c t r i c a l  
energy generated du r ing  978 hours 3f ogerat ion.  
rupted s i x  times Cor per iods of from 2-1/2 hodrs t o  s i x  days f o r  a 
t o t a l  t ime o f  appror imately 435 l ou rz .  None o f  t h e  s-:x stops were 
au tova t i c  and nolie were a t t r i o u t a b l e  t o  the power p lan t .  One stop 
was precaut icnary du r ing  an earthquake an6 two vore because o f  
unstable wellhead pressure; t h e  other th ree  were f a i l u r e  o f  a rup- 
t u r e  d isc,  a leak i n  a pressure gauge l i n e  on the  x p p l y  p’pt from 
t h e  we l l ,  and f a i l u r e  o f  a load bank f a r .  These f a i l u r e s  are chron- 
i c l e d  i n  more d e t a i l  i n  Table A-4. 
The t e s t  was i n t e r -  
( 2 )  Endurance Test. Resul ts 
A record o f  the p r o r r s s  dnd p l a n t  performances was logged a t  i n t e r -  
vals by t h e  computer du r ing  t h e  endurance t e s t .  
from t h e  record i s  presented i n  Table A-5. D a i l y  jverages o f  
machine e f f i c i e n c y  (Rm), t o t a l  mass f l ow  r a t e  (Wt), and i n l e t  
enthalpy (He) a r e  p l o t t e d  i n  F igu re  A-4. It was p red ic ted  t h a t  t he  
e f f i c i c i c y  o f  t h e  HSE would improve w i t h  scale depos i t i on  du r ing  t h e  
t e s t .  i n  e a r l i e r  t e s t s ,  i t  ‘.ad been cbserved t h a t  t he  machine w>s 
i n t e r n a l l y  se l f - c lean ing ,  e s p e c i a l l y  dur ing t e s t  i n t e r r u p t i o n .  i t  
was expected t h a t  t h e  endurance t e s t  would o f f e r  t h e  f i r s t  good 
oppor tun i ty  f o r  sca le growth w i t h i n  t h e  machine and r e s t i l t i n g  e f f i -  
ciency improvement, because the  endurance run was scheduled t o  !wn 
nonstop. 
A t a b l e  o f  data 
An e f f i c i e n c y  increase was recorded dur ing the  t e s t ,  as shown i n  
F igu re  A-4 and Table A-5. This increase war a t t r i b u t e d  t o  sca le  
growth w i t h i n  the  machine, which reduced the clearances between the  
h e l i c a l  screw r o t o r s  and t h e  case. For t h e  o v e r a l l  du ra t i on  o f  t h e  
t e z t ,  CFE repor ted an incrcase i n  e f f i c i e n c y  on the order o f  4 per- 
centage p o i n t s ,  based on t h e  d a i l y  averages as shown i n  F i y u r e  A-4. 
During t h e  t e s t ,  e f f i c i e n c y  improvements as much as a 7 percentage- 
p o i n t  d a i l y  average were shown (F igu re  A-4 and ab le  A - 5 ) .  I t  i s  
poss ib le  t h a t  ;hese higher, mid- test  yains were subser_,;itly can- 
c e l l e d  by t h e  observed loss  o f  scale, as was be ieved a t  t he  t i m e .  
O r  t h e r e  may have been f l o w  measurement e r ro rs ,  as proposed hy CFE, 
al though none were i d e n t i f i e d .  
( 3 )  Perfqrmance Tests 
The performance t e s t i n y  was done i n  th ree  yroups. The f i r s t  group 
were atmosphere exhaust pressure t e s t s  done a t  3000-rpm male r o t o r  
speed before the endurance t e s t ,  us iny the  noncondensing t e s t  
arrangement shown i n  F igure 6 - i .  The second group were atmospheric 
and ele\4ated exhaust pressgre t e s t s  done a t  ?OOO- and 4G30-rpm mr le 
r o t o r  speeds beginning immediately d f t e r  t he  cndurance t e s t ,  s t i l l  
using the noncondensing t e s t  arrangement.. The t h i r d  yroup were 
atmospheric and subatmospheric exhaust pressure test .  done a t  both 
r o t o r  speeds using t h e  t e s t  arrtngernent shown i n  F i g u r e  6-2. 
second group o f  t e s t s  was ha l ted  because o f  damag.: t o  t h e  HSE t i m i n g  
gears due t o  blockage i n  a l u b r i c a t i o n  pdssage; t n i b  l u b r i c a t i o n  
The 
passage was p a r t  o f  t h e  l u b r i c a t i o n  system blocked hy i nsec ts  i n  
Utah (Ref. 1, pp. 6-15 and 6-16), and t h e  blockage mate r ia l  looked 
s i m i l a r ,  suggesting incomplete c leaning o f  t h e  i nsec t  ma te r ia l .  
Repair o f  t h e  damage and conversion o f  t h e  process i n s t a l l a t i o n  were 
done concurrent ly  i n  preparat ion f o r  t h e  t h i r d  group o f  performance 
tes ts .  
( 4 )  Pe-formance Test Resul ts  
The second and t h i r d  p e r f o r n a w e  t e s t s  were analyzed independently 
and w i l l  be re fe r red  t o  as t h e  "downstream t e s t "  and t h e  "upstream 
test ,"  respec t i ve l y ,  due t o  t h e  t e s t  arrangements u r d .  The t e s t  
data from t' : i r s t  t e s t  or  group were no t  considerec v a l i d  f o r  t h i s  
evaluat ion,  yLcause t h e  preparat ion o f  t h e  computer program an4 t h e  
instruments was no t  completed u n t i l  j u s t  p r i o r  t o  t h e  s t a r t  c f  t h e  
endurance t e s t .  The endurance t e s t  was analyzed w i t h  t h e  awnstream 
t e s t .  The downstream and upstream t e s t s  were analyzed independently 
because t h e  d i f f e r e n t  t e s t  arrangements requi red d i f f e r e n t  equa- 
t i o n s ,  although t h i s  should ,lot a f f e c t  t h e  resul ts.*  
-. 
(3) Atmospheric Exhaust Pressl ire 
Table A-6 g ives a summary o f  t h e  most important measured and 
ca l cu la ted  r e s u l t s  under s t a b i l i z e d  condi t ions.  The r e s u l t s  
a re  a l so  presented g r a p h i c a l l y  i n  F igures R-5 through A-16. 
F igures A-5 and A-6 r e f e r  t o  t h e  downstream t e s t  w i t h  r o t o r  
speeds o f  3000 and 4000 rpm, respec t i ve l y .  
d i t i o n s  are included. 
upstream t e s t  under speed and i n l e t  cond i t i ons  s i m i l a r  t o  those 
of t h e  downstream t e s t .  These f i g u r e s  show a t r e n d  f o r  t h e  
machine e f f i c i e n c y  t o  increase w i t h  increas ing load. 
F igures A-9 t o  A-13 correspond t o  t h e  3000-rpm downstream t e s t .  
'he e f f e c t  of i n l e t  pressure and q u a l i t y  on t h e  machine e f f i -  
ciency i s  observed. I n  F igures A-9 and A-10, t h e  i n l e t  pres- 
sure var ies as shown f o r  i n l e t  q u a l i t y  w i t h i n  10% t o  20% and 
20% t o  30%, respec t i ve l y .  
do not  c rve r  t h e  complete range of :haft output  power, a sl i g h t  
decrease i n  t h e  machine e f f i c i e n c y  occurs w i t h  increas ing i n l e t  
pressure. 
A l l  t h e  i n l e t  con- 
F igures A-7 and A-8 correspond t o  t h e  
Although the  data f o r  each precsure 
I n  F igures A-11,  A-12, and A-13, i n l e t  q u a l i t y  va r ies  w h i l e  
i n l e t  pressure i s  kept a t  approximately 100, 140, and 180 ps ia,  
respect ive ly .  A s l i g h t  e f f i c i ency  increase i s  observed f o r  t h e  
lower-qual i t y  range of 10% t o  20% a t  pressures o f  '00 s 4 140 
* Another independent analys is  o f  t he  downstream t e s t  was reported i n  Ref. 1. 
The same t e s t  data were used, but t h e  c a l c u l a t i o n s  and use o f  t h e  c a l i b r a -  
t i o n  data d i f f e r e d  i n  some d e t a i l s .  The e f f i c i e n c i e s  c i l c u l a t e d  i n  t h e  
reference tendeu t o  be somewhat lower than those reported here. 
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psia. 
c ien t  data t o  d i f f e r e n t i a t e  changes i n  the machine ef f ic iency 
a t  d i f f e ren t  q u a l i t y  ranges. 
A t  the i n l e t  pressure of 180 psia there were not s u f f i -  
Figures A-14 and A-15, which corres9ond t o  downstream and up- 
stream tests ,  respect ively,  show the  machine e f f i c i ency  a t  male 
r o t o r  speeds o f  3000 and 4000 rpm f o r  a1 1 i n l e t  conditions. 
For the  downstream tes t ,  the e f f i c i ency  ob5erved a t  3000 rpm 
was greater than a t  f300 rpm a t  shaft  outpLt power below 400 
kW. Above tha t  power, the  difference between the e f f i c ienc ies  
obtained f o r  each speed i s  n i l  (Figure A-14). I n  contrast ,  t he  
performance of the  machine i n  the  upstream t e s t  i s  s im i l a r  f o r  
both speeds a t  a l l  machine loads tested (Figure A-15). 
F ina l l y ,  Figure A-15 shows the e f f i c i enc ies  obtained during t h e  
downstream and upstream tes ts  for  a l l  i n l e t  condi t ions tested. 
A d i f ference i s  observed between the  downstream and upstream 
t e s t  resul ts ,  especia l ly  a t  the lower loads, w i t h  the down- 
stream t e s t  showing the  larger  e f f ic iency.  
From an analysis b f  f lowrate information, CFE has concluded 
tha t  the  d i f fe rence between e f f i c i enc ies  shown i n  Figure A-16 
i s  not real ,  but  instead i s  the resu l t  of e r ro r  i n  f low 
measurements fo r  the  downstream tes t .  This conclusion i s  based 
oc differences i n  the  t o t a l  we l l  output f lowrates through the 
machine, measured dur ing maximdm load tes ts  of t ho  H5E using 
the  two t e s t  i ns ta l l a t i ons ,  and ccmparing these rates w i t h  the 
t o t a l  wel l  output ra tes measured a t  other times when the  HSE 
was not beiqg tested. During these measurements the wttllheaa 
pressure was approximately the same. 
data are summarized as follows: 
The r2 levant  HSE tes t  
TEST DATE SPEED OF TOTAL FLOW 
HALE ROTOR RATE 
rpm tons/h 
Endurance 05/31/80 - 07/29/60 3000 45 .O 
Downs t r eam 08/15/80 3 0 0  43 .O 
Upstream 02/05/81 4000 54.6 
Ups t r earn 0 2 / 2 0 / 8 1 3000 54 .O 
Tne f lowrates f o r  the downstream and upstream tes ts  are seen t o  
d i f f e r  by tpproximately 10 tons/h. 
discrepancy could be caused by a change i r t  the production o f  
wel l  M - 1 1  i n  the per iod spanned by the  tes ts  has been d is-  
couilted by CFE, since the w e l l  i s  normally q u i t e  stable, as 
demonstrated by i t s  i979 and 1980 production charac ter is t i c  
curves (Figure A - 3 ) ,  so the discrepancy i s  a t t r i bu ted  t o  e r ro rs  
i n  f lowrate measurement. 
The p o s s i b i l i t y  t ha t  t h i s  
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Because the wel l  production measured before and a f t e r  the 
endurance tes t  agreed more c losely  with the upstream values 
obtained than w i th  the downstream values (Figure A-17) ,  the  
errors  are ascribed t o  the downstream measurements. The 
measurement procedures, namely steam f l o w  by o r i f i c e  and water 
f low by weir, the hardware, and the ca lcu lat ions were examined 
by CFE and found t o  be sat is factory .  This l ed  CFE t o  conclude 
tha t  the  only possible cause o f  e r ro r  was inaccurate zero 
adjustment of the instruments during the downstream tes t .  
The viewpoint o f  the author o f  t h i s  report  i s  tha t  the f lowrate 
measurements and t e s t  resu l t s  fo r  the downstream t e s t  are prob- 
ably correct ,  and tha t  the f lowrate o f  the wel l  was d i f f e r e n t  
from normal during these tests.  The reasons for t h i s  viewpoint 
are instrument de ta i l s ,  observed well var ia t ion ,  compa t ib i l i t y  
o f  t es t  resul ts ,  and e f fec ts  o f  scale, as discussed next: 
( i )  Instrument Deta i l s  
The instruments f o r  measuring the steam and water were 
care fu l  l y  i n s t a l  led, ca l  ibrated and adjusted f o r  i e r o  
flow. The zeros were ro i i t ine ly  checked before and a f t e r  
test ing,  and the zero flow readings and calculated flow- 
ra tes were normally logged by the cmputer. Zero errors  
corresponding t o  10 tons/h would have been large and 
should have been easy t o  detect. The instrument transduc- 
ers had been used e a r l i e r  i n  Utah and were used subse- 
quently i n  the upstream t e s t  i n  Mexico and i n  the tests  i n  
N e w  Zealand with no s ign i f i can t  d r i f t .  A d r i f t  of t he  
steam transducer output i n  the downstream tes t  i n  Mexico 
causing a signal s h i f t  of  0.003 V was recorded during one 
instrumerit check, but t h i s  corresponded t o  only 0.15-in. 
water d i f f e r e n t i a l  pressure, and was corrected. This o f f -  
set was i ns ign i f i can t  compared w i t h  the d i f f e r e n t i a l  
across the o r i f i c e  dur ing the endurance tes t  o f  about 25 
in. o f  water f o r  maximum f l o w .  
P a r t  way throligh the endurance tes t ,  the @rec is ion  o f  the  
f l o w  measurewnts was improved by recal i b r a t i n g  the steam 
transdmer t o  a span o f  0 t o  40 in .  instead o f  0 t o  100 
in. on June 12, 1380, and replacing the water transducer 
having an 18-io. minimum span w i th  a new one ca l ib ra ted  
f o r  0 t o  5 in. p r i o r  t o  the Ju ly  2nd tes t  resurnGtion. 
zeros were adjusted and checked on-line. This work took 
glace during the shutdowns hetween June 8 and June 14, 
1980, and between June 26 and Ju ly  2, 1980, respect ively,  
as shown i n  Figure A-4 and Table A-5. 
the pressure control  v a l v e  and the modi f icat ion of the  
value and i t s  i ns ta l l a t i on ,  as discussed ea r l i e r ,  were 
done dur ing the l a t t e r  t ime period.) 
and a f t e r  these changes are i n  good agrement, suggesting 
tha t  there were no zero errors that  could explain the 
f lowrate discrepancy o f  10 tons/h compared w i th  normal 
w e l l  flow. 
The 
(The cleaning o f  
The f low data before 
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(ii) Well Var ia t ion  
Although wel l  M-11 may be normally stable, i t  i s  known 
t h a t  pressure and flow i n s t a b i l i t y  d i d  occur dur ing the  
t e s t i n g  period. The endurance t e s t  was in ter rupted on 
June 8 by an earthquake o f  magnitude 6.7 on t h e  Richter  
scale which a l te red  the charac ter is t i cs  of the wel l ,  as 
shown i n  F igure A-4. The enthalpy decreased by approxi- 
mately 7%, whi le  the  t o t a l  f l o w  increased i n  the same pro- 
port ion.  The endurance t e s t  was also in ter rupted on June 
26 by var ia t ions  i n  the  wellhead pressure and on Ju l y  15 
by high wellhead pressure, as reported i n  Table A-4. I f  
and how the f lowrate dilemma i s  re la ted  t o  the earthquake 
or  other c rus ta l  i n s t a b i l i t y  dur ing t h i s  t i m e  i s  not 
known. 
paces from the  well dur ing the  earthquake and t h a t  many 
we l l  c e l l a r s  and ground areas were flooded from below. 
It i s  known tha t  the  ground cracked about 140 
( i i i )  Compat ib i l i ty  o f  Test Results 
Based on the  resu l t s  o f  t e s t i n g  i n  Utah, a machine e f f i -  
ciency of 48% t o  50% was predicted by the  JPL Technical 
Spec ia l i s t  f o r  the beginning o f  the  endurance test ,  when 
the ro to rs  were near ly f ree  o f  scale. 
A t  the beginning o f  the endurance t e s t  i n  Mexico, on May 
31, 1980, t he  machine e f f i c i ency  was determined t o  be 50%, 
using f lowrates measured downstream (Table A-5 and 
F igure A-4). 
cen t ly  ca l ib ra ted  and checked. 
1981, dur ing the  Gpstream t e s t  w i th  approximately the  same 
t e s t  conditions, t h e  ef f ic iency was determined t o  be 48% 
t o  49% (Table A-6 and Figure A-5). The disagreement o f  
only 1 t o  2 percentage points  i s  s i g n i f i c a n t l y  l ess  than 
the  disagreement between the downstream t e s t  resu l t s  a f t e r  
t he  endurance t e s t  and the upstream t e s t  resu l t s  shown i n  
F igure A-16. The small d i f ference i n  e f f i c i enc ies  could 
r e s u l t  from unequal scale deposit thicknesses w i th in  the 
machine f o r  the two tests.  The close agreement i s  not 
compatible w i th  a f lowrate measurement e r ro r  of  10 tons/h. 
I f ,  however, it were assumed there i s  a f lowrate error,  
cor rec t ing  e i the r  the water f l o w  o r  the steam f low Sy the 
t o t a l  estimated er ro r  impairs the  compat ib i l i t y  o f  the 
resu l ts .  
gives a macbine e f f i c i ency  of 53%, which i s  too high f o r  
the  amount of scale observed on the ro to rs  a t  t ha t  time. 
A corresponding increase i n  the steam f low gives 34%, 
which i s  much too low and i s  not correct .  The a l te rna t i ve  
explanation o f  a balanced sharing of  the error ,  i f  i t  
ex is ts ,  i s  not p lausible,  because the e r r o r  would have had 
t o  be sp l  i t  i n  approxircately constant proport  ion every 
t ime the o r i f i c e  o r  weir transducer was recal ibrated,  
replaced, zeroed, or  otherwise changed during downstream 
t est i ng . 
A t  t ha t  t ime the  instruments had been re-  
Later, on February 20, 
tncreasing the water r a t e  by the estimated e r ro r  
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( i v )  E f f e c t s  of Scale 
The disagreement between t h e  downstream and upstream t e s t  
r e s u l t s  (see F i g u r e  A-16) can he explained by t h e  e f f e c t s  
o f  sca le on t h e  ro to rs .  The h ighest  e f f i c i e n c i e s  were 
determined a t  redliced power i n  t h e  morning o f  t h e  termina- 
t i o n  o f  t h e  mdlrranc 
t h e r e  had b e w  l i t t l e  "ppor tun i ty  f o r  t h e  machine t o  l o s e  
scal  e accumul dted dur ing t h e  endurance t e s t ,  a1 though t h e  
machine was stopped u n i n t e n t i o n a l l y  f o r  a few minutes 
w h i l e  reducing t h e  load f o r  t h e  performance t e s t i n g .  
A f t e r  about 4-1/2 hours o f  performance t e s t i n g  t h e  t e s t  
was i n t e r r u p t e d  f o r  17 days because o f  damage t o  t h e  load 
bank. 
sca ie  was l o s t  dur ing t h i s  t e s t  i n t e r r u p t i o n ,  b u t  i t  i s  
known t h a t  some scale was l o s t .  The subsequent p e r f o r -  
mance l e v e l  f o r  t h e  downstream t e s t  was lowered, b u t  not  
down t o  t h e  l e v e l  meas;lred a t  t h e  beginning of t h e  endur- 
ance t e s t ,  when t h e r e  was very l i t t l e  sca le w i t h i n  t h e  
machine. 
t e s t  (see Table A-6). A t  t h a t  t ime 
There i s  no q u a n t i t a t i v e  i n fo rma t ion  about how much 
As a general p o i n t  i t  should be noted t h a t  t h e  v a r i a t i o n  o f  
sca le w i t h i n  t h e  machine and t h e  random v a r i a t i o n  o f  o ther  t e s t  
cond i t i ons  i n  Mexico made determinat ion o f  t h e  HSE performance 
c h a r a c t e r i s t i c s  from t h e  t e s t  data very d i f f i c u l t .  Deposi t ion 
o r  l o s s  o f  sca le  changed t h e  i n t e r n a l  dimensions, and t h e  per- 
formance o f  t he  machine d i d  not  remain t h e  same. As an 
example, compare F igures A-14 and A-15 showing t h e  e f f e c t  o f  
r o t o r  speed on machine e f f i c i e n c y  f o r  downstream and upstream 
t e s t s ,  respec t i ve l y .  The 3000-rpm downstream t e s t s  were made 
a f t e r  t h e  endurance t e s t  d u r i n g  which most o f  t h e  scale was 
deposi ted w i t h i n  t h e  machine. 
those measured f i r s t  a f t e r  t h e  te rm ina t ion  o f  t h e  endurance 
t e s t .  
extended pe r iod  of shutdown and observed l o s s  o f  scale. By 
comparison, t h e  3000-rpm and 4000-rpm upstream t e s t s  were a l l  
made about s i x  months l a t e r .  
t i m e  t h e  amount o f  sca le had s t a b i l i z e d ,  i n  agreement w i t h  
observat ions.  It should be noted t h a t  a l l  performance t e s t i n g  
was i n t e r m i t t e n t ,  being c a r r i e d  out on a daytime bas is  only, i n  
con t ras t  w i t h  t h e  endurance t e s t .  From these f a c t s  i t  i s  t h e  
view o f  t h i s  author t h a t  much o f  t h e  spread o f  data seen f o r  
t h e  downstream t e s t s  i n  F igu re  A-14 was caused by e f f e c t s  o f  
sca le r a t h e r  than r o t o r  speed, e s p e c i a l l y  when compared w i t h  
F i g u r e  A-15. 
app l i es  t o  t h e  i n t e r p r e t a t i o n  o f  a l l  of t h e  HSE t e s t  data a t  
w e l l  M-11. The author be l ieves t h e  d i f f e r e n c e  i n  e f f i c i e n c i e s  
between t h e  downstream and upstream t e s t s  shown i n  F i g u r e  A-5 
can be s i m i l a r l y  explained. 
The h ighest  e f f i c i e n c i e s  were 
The 4000-rpm t e s t s  were made one month l a t e r  a f t e r  an 
It can be assumed t h a t  by t h i s  
The same d i f f i c u l t y  w i t h  t h e  e f f e c t s  o f  sca le 
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(b )  Above Atmospheric Exhaust Pressure 
Par t  of t h ?  downstream t e s t  was conducted w i t h  exhaust pres- 
sures greater  than atmospheric pressure. The process arrange- 
ment was as shown i n  F igure  6-1, except for  t h e  a d d i t i o n  o f  a 
v a r i a b l e  o r i f i c e  p l a t e  placed a t  the  HSE o u t l e t  (Ref. 1, pp. 
5-27 and 5-29). 
The operat ing condi t ions were as f o l  lows : 
I n l e t  pressure (ps ia )  
In1 e t  qual i t y  (%) 
Exhaust pressure (ps ia )  
Male r o t o r  speed (rpm) 
E l e c t r i c  ioad (kW) 
100, 140 and 180 
27 t o  35 
24 t o  41 
3000 and 4000 
211 t o  472 
A summary o f  t h e  t e s t  data i s  presented i n  Table A-7. 
An increase i n  t h e  exhaust pressure had a negat ive e f f e c t  on 
t h e  machine e f f i c i e n c y ,  as shown i n  t h e  f o l l o w i n g  representa- 
t i v e  r e s u l t s :  
Exhaust pressure ( p s i a )  
Date 
Time 
Rotor speed (rpm) 
Wellhead pressure ( p s i a )  
I n l e t  pressure (ps i a )  
I n l e t  q u a l i t y  ( X )  
E l e c t r i c  load (kW) 
Tota l  f low r a t e  ( l b / h )  
I s e n t r o p i c  e f f i c i e n c y  (%) (calc.)  
S p e c i f i c  flow r a t e  (lb/kWh) 
14.95 
08 / 28 / 80 




















The s p e c i f i c  t o t a l  mass f l o w r a t e  increases w i t h  the  increase i n  
t h e  back pressure due t o  the  reduct ion o f  a v a i l a b l e  energy as 
t h e  exhaust pressure increases and t o  t h e  lower i s e n t r o p i c  
ef f i c  i ency obta ined . 
The t e s t  r e s u l t s  a re  l i m i t e d  and only the  e f f e c t  of r o t o r  speed 
on machine e f f i c i e n c y  can be evaluated. The e f f i c i e n c y  a t  3000 
rpm was greater  than a t  40Yl rpm, as shown i n  Table A-8. 
Subatmospheric Exhaust Pressure 
Tests w i t h  subatmospheric exhaust pressure were conducted d s  
p a r t  o f  t h e  upstream, o r  t h i r d ,  performance t e s t .  The operat-  
i n g  condi t ions were: 
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I n l e t  pressure ( p s i a )  
I n l e t  q u a l i t y  (%) 
Exhaust pressure ( p s i a )  
E l e c t r i c a l  l oad  (kW) 
Rotor speed (rpm) 
100, 140 and 180 
11 t o  24 
3.05 t o  12.76 
265 t o  745 
3001) and 4000 
The r e s u l t s  of these t e s t s  are considered t o  be p r e l i m i n a r y  
because the  t e s t  arrangement was adapted from t h e  ex ’s t ing 
i n s t a l l a t i o n  and was not optimum. The cyc lon i c  separator pre-  
v ious l y  used a t  t h e  HSE o u t l e t  t o  measure steam and water f low-  
ra tes  was adapted f o r  use as a d i rec t - con tac t  condenser, as 
shown i n  F i g u r e  6-2. Waste b r i n e  from t h e  evaporat ion pond was 
used as c o o l i n g  water. The water and steam f l o w  measurements 
were made upstream from t h e  HSE. 
The pumping equipment t h a t  was i n s t a l l e d  t o  handle t h e  c o o l i n g  
water and t h e  discharge from t h e  condenser was not  s u i t a b l e  f o r  
e f f i c i e n t  operat ion.  
s u f f i c i e n t  capaci ty  and h i g h  vacuum was achieved only a t  low 
loads. The pump t o  e x t r a c t  t he  condensate d i d  not  operate 
p roper l y  f o r  t h e  d i f f e r e r r t  work needs, and i n s t a b i l i t y  i n  t h e  
water l e v e l  i n  t h e  condenser was observed on d i f f e r e n t  occa- 
s ions. 
The water supply pumps d i d  no t  have 
The r e s u l t s  f o r  t h e  subatmospheric exhaust pressure t e s t s  a re  
summarized i n  Table A-9. Average r e s u l t s  fo r  each c o n d i t i o n  
a re  shown i n  i a b l e  A-10 and are compared w i t h  t e s t s  a t  atmo- 
spher ic  exhac:;t i n  Table A-11. 
The machine e f f i c i e n c y  decreases b an t h e  i n l e t  pressure 
increases (Table A-10, l i n e s  4 and t,, . + i d  12 and 15), i n  agree- 
ment w i t h  t h e  r e s u l t s  obtained from atmospheric pressure t e s t s .  
The machine e f f i c i e n c y  a1 so decreases when greater  exhaust 
vacuum i s  achieved (Table A-10, l i n e s  7, 8 and 13, and 
Table 9). This i s  counter t o  t h e  t r e n d  seen when comparing 
atmospheric exhaust pressure and above atmospheric exhaust 
pressure. 
I n  regard t o  t h e  e f f e c t  o f  r o t o r  speed, no c l e a r  d i f f e r e n c e  i n  
t h e  e f f i c i e n c i e s  was observed (Table A-10, l i n e s  1, 7 and 8, 
and 4 and 16), i n  seneral agreement w i t h  the atmospheric d i s -  
charge t e s t s .  
It i s  important t o  dbserve t h a t  subatmospheric exhaust pressure 
produced a reduct ion i n  t h e  s p e c i f i c  t o t a l  mass f l o w r a t e  i n  
every case, d e s p i t e  a reduct ion i n  machine e f f i c i e n c y  
(Table A - l l ) ,  due t o  the  add i t i ona l  energy a v a i l a b l e  from t h e  
f l u i d  w h i l e  passing from atmospheric t o  subatmospheric pres- 
sure. The b e n e f i t  i s  more pronounced w i t h  lower backpressure. 
However, t h e  requi red energy t o  ob ta in  condensation, and the  
steam f low i n  t h e  e j e c t o r ,  were no t  considered. 
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( 5 )  Conclusions 
( a )  The use o f  t he  HSE i s  e n t i r e l y  feas ib le ,  based on t h e  opera t i ng  
behavior. This i s  supported by t h e  operat ional  indexes and t h e  
d i s t r i b u t i o n  o f  f a i l u r e s  du r ing  t h e  tes ts .  
(b) The i s e n t r o p i c  e f f i c i e n c y  o f  t h e  machine improves as t h e  s h a f t  
output power increases. 
( c )  A t  constant i n l e t  q u a l i t y ,  t h e  machine e f f i c i e n c y  decreases 
s l  i g h t l y  as t h e  i n l e t  pressure increases. 
( d )  The e f f e c t  o f  r o t o r  speed on t h e  machine e f f i c i e n c y  i s  not 
importarlt when t h e  HSE gperates a t  atmospheric and subatmos- 
phe r i c  exhaust pressure. Lli t h  above atmospheric exhaust pres- 
sure, an increase i n  t h e  i s e n t r o p i c  e f f i c i e n c y  i s  observed f o r  
3000 rpm. 
( e )  With discharge pressures above and below atmospheric pressure, 
t h e  i s e n t r o p i c  e f f i c i e n c y  i s  l ess  than t h a t  obtained du r ing  t h e  
atmospheric discharge tests .  
creases, t he  s p e c i f i c  f l o w r a t e  (1 b/kWh) decreases. 
As t he  discharge pressure de- 
( f )  An increase i n  t h e  machine e f f i c i e n c y  observed du r ing  t h e  en- 
durance t e s t  i s  a t t r i b u t e d  t o  t h e  ef fect  of s c a l i n g  w i t h i n  t h e  
HSE. 
( 9 )  The author o f  t h i s  repo r t  concludes t h a t  v a r i a t i o n s  o f  sca le 
th ickness w i t h i n  t h e  HSE a t  d i f f e r e n t  times caused v a r i a t i o n s  
i n  the  machine performance and made t h e  deter in inat ion o f  per- 
formance c h a r a c t e r i s t i c s  d i f f i c u l t .  
B. ITALY 
(1) Performance Tes t i ny  
The computer program used f o r  l oyg ing  the  t e s t  data and f o r  calcu- 
l a t i n g  the t e s t  r e s u l t s  o n - l i n e  du r ing  t h e  t e s t i n g  was based on t h e  
computer program developed f o r  t he  Utah tes ts .  The Utah computer 
program corltained thermodynamic co r rec t i ons  t h a t  were v a l i d  f o r  s a l t  
concentrat ions i n  the  b r i n e  froin 0% t o  l O X ,  b u t  not  f o r  the Cesano 1 
s a l t  concentrat ion o f  31%. The adaptat ion o f  t h e  Utah program f o r  
t h e  Cesano 1 HSE t e s t s  was s a t i s f a c t o r y  f o r  logging the  t e s t  data 
and moni tor ing t h e  t e s t s ,  but was not  intended f o r  c a l c u l a t i n g  t h e  
e f f i c i e n c y  of the HSE as determined by these t e s t s .  F o r  t h i s  pur- 
pose it was necessary t o  determine t h e  thermodynamic p roper t i es  o f  
t h e  b r i n e  and t o  apply these p roper t i es  i n  the program as correc- 
t i o n s  t o  the  thermodynamic p roper t i es  o f  steam and wL+.er t h a t  were 
included as p a r t  o f  the Utah computer program. The thermodynamic 
p roper t i es  o f  the b r i n e  de .ermined f o r  tile purpose consis ted o f  
enthalpy o f  l i q u i d  b r i ne ,  vapor enthalpy, C02 enthalpy,  m ix tu re  
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enthalpy, vapor pressure o f  br ine,  b r i n e  densi ty,  b r i n e  entropy, 
CO2 entropy, and m i x t u r e  entropy, a l l  t r e a t e d  i n  Ref. 6 ,  where t h e  
a p p l i c a t i o n  t o  t h e  e f f i c i e n c y  c a l c u l a t i o n  procedure i s  a l so  d i s -  
cussed. The d iscuss ion includes an assessment o f  t h e  t e s t  i n s t r u -  
mentat ion re1 i a b i l  i t y  and a s e n s i t i v i t y  ana lys i s  o f  t h e  u n c e r t a i n t y  
of c r i t i c a l  process parameters, showing t h e  e f f e c t s  on t h e  calcu- 
1 a t  ed e f f i c i e n c y  . 
( 2 )  Performance Test Resul ts  
The performance t e s t  r e s u l t s  a re  shown i n  Table B-4 l i s t e d  as unpro- 
cessed data. The t a b u l a t i o n  includes t h e  data casset te  f i l e  num- 
bers. 
computer before being recorded and data recorded as a se r ies  o f  
instantaneous measurements. 
These t e s t  r e s u l t s  i nc lude  data t h a t  were averaged by t h e  
The recorded data o f  Table 6-4 were examined and 18 experimental 
po in ts  were selected. The data f o r  t h e  18 experimental p o i n t s  were 
then averaged and t h e  r e s u l t s  presented as shown i n  Table R-5 and 
F i g u r e  6-1. The r e s u l t s  are i n  good agreement w i t h  t h e  t e s t  r e s u l t s  
and g were der ived 
(see Table 6-6). These c o r r e l a t i o n  func t i ons  were app 9 i e d  t o  t h e  f o r  Utah, f o r  which c o r r e l a t i o n  funct ions fw, gp 
t e s t  r e s u l t s  o f  Table B-4 t o  c a l c u l a t e  t h e  modi f ied e f f i c i e n c y  q* 
repor ted i n  t h e  t i b l e ,  where 
x 10 q *  = - 
and q = e f f  X .  
f w  gp * x: 
A p e r f e c t  c o r r e l a t i o n  o f  +he r e s u l t s  would y i e l d  values o f  mod i f i ed  
e f f i c i e n c y  q* equal t o  10.00, whereas t h e  average value i n  Table 6-5 
i s  10.29, o r  2.9% higher.  
An e f f i c i e n c y  c . *€ :a t i on  equal t o  q/fWgpgQ, o r  q*/10, was p l o t t e d  
versais s h a f t  ou;p~: powx,  showrl i n  F i g u r e  B-2, and versus t h r o t t l e  
po.:ition, shown i n  F i g u r e  B-3, as was done p rev ious l y  w i t h  the  Utah 
datz  ( R z f .  1) .  Both p l o t s  show values of q / f w g  g 
w i t j .  'his impl ies t h a t  t h e  c o r r e l a t i o n  i s  va 7 3  i , as seen by com- 
p a ~ i i ? ~  F'.c;wes B-1 and B-2, and t h a t  t he  HSE e f f i c i e n c y  i s  indepen- 
( ' m i  03 t i i r e t t l e  pos i t i on ,  as seen i n  F i g u r e  6-3 .  
:ate f r m  u n i t y  r e s u l t s  both from l i m i t a t i o n s  o f  t h e  data c o r r e l a -  
t i o n  furi.:tions as p resen t l y  developed and from experimental data 
sca t te r ,  
t h a t  center about 
The spread o f  t h e  
( 3 )  Conclusions 
The HSE e f f i c i e n c y  i s  independent o f  t h r o t t l e  pos i t i on ,  as shown i n  
F igu re  6 - 3 ,  but t h i s  i s  no t  obvious by a cursory inspect ion o f  t h e  
t e s t  data. However, c l o s e r  examination reveals t h a t  t h r o t t l e  
p o s i t i o n  i s  not  an independent v a r i a b l e  hut, as expected, i s  r e l a t e d  
t o  i n l e t  pressure, i n l e t  q u a l i t y ,  load, and perhaps other  var iab les.  
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I f  t h e  i n f l uence  o f  i n l e t  pressure ( o r  pressure r a t i o ) ,  i n l e t  
q u a l i t y ,  and load a re  normalized by t h e  c o r r e l a t i o n  technique o f  
Ref. 1, t h e  dependent and independent va r iab les  a re  i d e n t i f i e d  or  
s e pa r a t  ed . 
From F i g u r e  B-1  i t  i s  evident t h a t  a t  s h a f t  loads above 250 kW, t h e  
HSE e f f i c i e n c y  can be taken as 458, t h e  same as f o r  t h e  Utah r e s u l t s  
(Ref. 1). A f t e r  t h e  c o m p a t i b i l i t y  o f  t h e  Cesano and Utah data was 
establ ished and a p p l i c a b i l i t y  o f  t h e  previous c o r r e l a t i o n  ana lys i s  
was confirmed, f u r t h e r  ana lys i s  and i n t e r p r e t a t i o n  of t h e  data was 
attempted (Ref. 6 ) .  For t h i s  purpose a t h e o r e t i c a l  model o f  t h e  HSE 
operat ions was developed t r e a t i n g  t h e  machine as p o s i t i v e  d isp lace-  
ment w i t h  a given i n l e t  vo lumetr ic  f l o w r a t e  and a b u i l t - i n  expansion 
r a t i o ,  and t a k i n g  i n t o  account f l u i d  en t r y  and e x i t  considerat ions.  
For t h i s  analys is ,  t h e  Utah and Mexico t e s t  data from Ref. 1 were 
used, along w i t h  t h e  Cesano data, as f a r  more data a re  a v a i l a b l e  
from these e a r l i e r  t e s t s ,  and i n  these t e s t s  no problem, c were 
encountered i n  determining t h e  thermodynamic c h a r a c t e r i s - i c s  o f  t h e  
br ines.  
For t h e  data examined w i t h  t h e  a i d  o f  t h e  t h e o r e t i c a l  model, t h e  HSE 
e f f i c i e n c y  increases logar i ’hmica l ly  w i t h  s h a f t  power. 
q u a l i t y  o r  pressure r a t i o  between i n l e t  and o u t l e t  seem t o  have no 
appreciable i n f l u e n c e  on t h e  t r e n d  o f  e f f i c i e n c y  ca l cu la ted  from t h e  
model. Despi te a l l  approximations, t h e  analys is  was repor ted t o  
i n d i c a t e  t h a t  t h e  low apparent e f f i c i e n c y ,  a t  reduced loads, i s  due 
t o  increased in f l uence  o f  power l o s s  from leakage and f r i c t i o n  when 
t h e r e  i s  a decrease i n  s h a f t  power. Consider ing the  o v e r a l l  power 
l o s s  involved, one may assume t h a t  leakage i s  responsib le  f o r  much 
o f  t h i s  loss;  t h i s  hypothesis a l so  seems t o  be confirmed by t h e  
l a r g e  clearances between each o f  t h e  r o t o r s  and between the  r o t o r s  
and t h e  casing. 
I n l e t  
W i th in  t h e  v a l i d i t y  l i m i t s  of t he  analys is  i t  was concluded t h a t  t h e  
e f f i c i e n c y  ? i m i t  o f  t h e  machine ranges between 65% and 68%. I n  
order  t o  reach these values, t h e  pressure losses through t h e  
t h r o t t l e  valve and a t  t h e  o u t l e t  must be reduced t o  zero, which 
could be achieved w i t h  reasonable approximation by r e g u l a t i n g  t h e  
f l o w r a t e  o f  t h e  geothermal f l u i d  and/or t h e  r o t a t i o n a l  v e l o c i t y  o f  
t h e  HSE, according t o  t h e  thermodynamic c h a r a c t e r i s t i c s  o f  t h e  
f l u i d .  The ana lys i s  and t h e  i n t e r p r e t a t i o n  were corl;idered t o  be 
t e n t a t i v e  (see Ref. B ) .  
C. NEW ZEALAND 
(1) Performance Tes t i ng  
The computer program used f o r  analyzing the  New Zealand t e s t  data 
was based on t h e  program developed fo r  t h e  Utah t e s t s  but w i t h  modi- 
f i c a t i o n s  t o  t h e  steam and l i q u i d  f l o w r a t e  equations and t o  the  gear 
box and t h e  a l t e r n a t o r  power l oss  equations. D e t a i l s  o f  t he  changes 
made t o  t h e  computer program a re  given i n  t h e  performance c a l c u l z -  
t ion procedure (Tab1 e C-5). Computer outputs se lected f o r  tabu1 a- 
t i o n  o f  r e s u l t s  a re  i d e n t i f i e d  i n  a l i s t  o f  va r iab les  (Table ?-6).  
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A l l  t h e  data were analyzed w i t h  0 ppm t o t a l  d isso lved s o l i d s  and 0% 
gas i n  t h e  steam. A s e n s i t i v i t y  ana lys i s  was undertaken u s i n g  5000 
ppm t o t a l  d i sso l ved  s o l i d s  and 2.5% gas by weight i n  t h e  steam, 
which were rep resen ta t i ve  o f  t h e  t e s t  condi t ions.  The i s e n t r o p i c  
e f f i c i e n c y  v a r i e d  by 0.3% i n  t h e  worst  case, and, hence, t h e  d i s -  
so lv& s o l i d s  and gas content a re  no t  accounted f o r ' i n  t h e  t a b u l a t e d  
data. 
( 2 )  Performance T e r t  Resul ts  
The i n l e t  pressures a t  which t h e  performance t e s t s  were conducted 
were se lected so t h a t  conqarisons w i t h  t h e  data generated from t h e  
Yexican t e s t s  a t  Cerro P r i e t o  could be made. The performance t e s t  
r e s u l t s  a re  presented i n  Table C-7 and F igures C-3 through C-19. 
F igures C-:8 and C-19 d e f i n e  t h e  s t a b i l i t y  envelopes f o r  t h e  
3333-rpm and 25i)O-rpm data. 
governor could mainta in  s t a b l e  operat ion o f  t h e  p l a n t  w i t h  t h e  HSE 
eqsipped w i t h  t h e  1w-pressure i n l e t  t r i m  was found t o  be 220 p s i a  
f o r  a l l - l i q u i d  feed, b u t  s t a b l e  operat ion a t  220 p s i a  could not be 
maintained on a1 1 -steam feed. With t h e  low-pressure i n l e t  t r i m ,  t h e  
p1;tnt w i l l  i d l e  over t h e  lower range o f  operat ing i n l e t  pressures 
only. The maximum i n l e t  pressure a t  which t h e  p l a n t  could i d l e  w i t h  
t h i s  t r i m  was not accurate ly  def ined, b u t  it i s  thought t o  l i e  
between 120 p s i a  and 140 psia.  
The maximum i n l e t  pvessure a t  which t h e  
The f o l l o w i n g  trends are evident from t h e  graphs contained i n  
Appendix C:  
( a )  From t h e  data w i t h  an i n l e t  stezm q u a l i t y  of 10% o r  greater,  
Figures C-3 t o  C-6: 
( i )  The i s e n t r o p i c  e f f i c i e n c y  o f  t h e  HSE increases w i t h  
i nc reas ing  s h a f t  power f o r  a given r o t a t i o n a l  speed and 
i n l e t  pressure. 
( i i )  The i s e n t r o p i c  e f f i c i e n c y  o f  t h e  tISE decreases w i t h  
i nc reas ing  i n l e t  pressure f o r  a constant load and r o t a -  
t ional  speed. 
( b )  For t h e  a l l - l i q u i d  case, Figures C - 7  and C-8, t h e  i s e n t r o p i c  
e f f i c i e n c y  i s  observed t o  peak and then d e c l i n e  w i t h  i nc reas ing  
load f o r  a f i x e d  r o t a t i o n a l  speed and i n l e t  pressure. 
( c )  The i s e n t r o p i c  e f f i c i e n c y  increases w i t h  increas ing i n l e t  steam 
q u a l i t i e s  between 0% and 10% and then decreases as t h e  i n l e t  
steam q u a l i t y  f u r t h e r  increases fcom 25% t o  130% f o r  a f i x e d  
load and i n l e t  pressure (Figures C-9 and C-14). 
Trends evident froln t h e  2500-rpm and 3333-rpm data i n d i c a t e  t h e  
2500-rpm speed i s  s l i g h t l y  more e f f i c i e n t  than t h e  3333-rpm 
speed f o r  loads l ess  than 400 kW whereas t h e  3333-rpm speed o f  
operat ion i c  more e f f i c i e n t  f o r  loads greater  than 400 kW (see 
F igures C-15, C-16 and C-17). When t r e a t e d  two-dimensional ly, 
( d )  
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t he  data s c a t t e r  Toan5 a broad band but l e a s t  squares quadrat ic  
curvss generated i rom t h e  data i n d i c a t e  the same t rend  w i t h  t h e  
curves i n t e r s e c t i n g  a t  385 kW. 
( 3 )  Endurance Test 
The endurance t e s t  was run from February 24, 1983, t o  May 3, 1983. 
The t e s t  was terminated ahead o f  schedule because o f  excessive s h a f t  
seal o i l  leakage. 
From 1632.7 hours of operat ion,  1.3 GWh o f  e l e c t r i c a l  energy were 
generated. 
t e s t .  
sa fe ty  shutdown c i r c u i t r y .  The switch s e t t i n g  was reset  and t h e  
t e s t  resumed. 
The operat ion ran cont inuously f o r  1534 hours du r ing  t h e  
On March 4 t h e  p l a n t  was shut down au tomat i ca l l y  by the  
The p l -  -t operat ing cond i t i ons  were selected t o  ensure t h a t  s t a b l e  
governor speed c o n t r o l  could be maintained i n  t h e  event o f  e l e c t r i -  
c a l  load o r  i n l e t  pressure va r ia t i ons .  
The operat ing cond i t i ons  were as fo l l ows :  
I n l e t  pressure ( p s i a )  177 t o  152 
I n l e t  q u a l i t y  (%)  25 t o  27.3 
Exhaust pressure atniospher i c  
E l e c t r i c a l  load (kW) 802 t o  E12 
T h r o t t l e  p o s i t i o n  ( % )  47 t o  61 
I s e n t r o p i c  e f f i c i e n c y  ( % )  43 t o  46.5 
(Calcu lated)  
The HSE was designed as a wellhead generat ing u n i t .  
cond i t i ons  t h e  p l a n t  must be capable o f  running unattended. 
quent ly,  t h e  t e s t  wi); set  up t o  run w i t h  a minimum o f  operator 
supervis ion.  
Under these 
Conse- 
P lan t  checks were performed hour ly  f o r  t h e  f i r s t  t h ree  days o f  t he  
t e s t .  The i n t e r v a l  between checks was then increased u n t i l  c?.icks 
were performed d a i l y  a t  8:OO and 1 4 : O O  hours du r ing  t h e  working week 
and once every 24 hours on weekends and hol idays.  
once every 24 hours was considered adequate f o r  t h i s  u n i t .  
A p l a n t  check 
( 4 )  Endurance Test Resul ts 
A performance record o f  t he  p l a n t  was logged hour l y  by t h e  computer 
du r ing  t h e  endurance t e s t .  
four-hour i n t e r v a l s  i s  included i n  Table C-8. A 3.5 percentage- 
p o i n t  improvement i n  t h e  HSE e f f i c i e n c y  was observed du r ing  t h e  
endurance t e s t  as scale b u i l t  up on t h e  i n t e r n a l  surfaces o f  the 
machine. 
s t i l l  increasing. The pos t - tes t  i nspec t i on  o f  the r o t c r s  and the  
housing determined t h e  extent o f  t he  scale byi ld-up. 
on t h e  r o t o r s  was ohserved t o  he a very t h i n ,  g lassy l aye r ,  w h i l e  
t h a t  on t h e  housing was observed t o  be 0.13-mm t h i c k  increas ing t o  
A t a b u l a t i o n  o f  data t h a t  were logged a t  
A t  t h e  conclusion the e f f i c i e n c y  was 46.5% and e v i d e n t l y  
The depos i t i on  
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1.0 mm i n  the  exhaust elbow. 
was i n s i g n i f i c a n t  i n  comparison w i t h  t h e  1.3-mm deep hard fac ing on 
t h e  r o t o r  t i p s .  
The depth o f  t h e  scale on t h e  r o t o r s  
( 5 )  Conclusions 
The l z a s t  squares quadrat ic  curves generated from t h e  New Zealand 
t e s t  data def ined the  i s e n t r o p i c  e f f i c i e n c y  o f  t h e  HSE t o  be approx- 
imate ly  40% a t  loads greater  than h a l f  f u l l  load when operat ing on 
low-scal ing geothermal f l u i d s .  This e f f i c i e n c y  i s  lower than was 
repor ted f o r  t he  previous t h r e e  t e s t  s i t e s .  
d i f ferences i s  no t  known. 
The reason cor t h e  
The design phi losophy o f  p rov id ing  abnormally l a r c e  i n t e r n a l  c l e a r -  
ances w i t h i n  t h e  HSE t o  accommodate severe s c a l i n g  was not p roper l y  
tes ted  because o f  ch2 lo-scal i n g  p o t e n t i a l  o f  t h e  Broadlands geo- 
thermal f l u i d ,  but  trencis observed du r ing  t h e  endurance t e s t  i n d i -  
c a t e  t h a t  t he  e f f i c i e n c y  o f  t h e  HSE does increase w i t h  adherent. 
i n t e r n a l  scale formation. A 3.5 percentage-point improvement i n  t h e  
i s e n t r o p i c  e f f i c i e n c y  o f  t he  HSE was observed over the 1632 hobrs o f  
operat ion du r ing  t h e  endurance t e s t .  
S1 i g h t l y  super ior  performance was observed a t  t he  3333-rpm male 
r o t o r  speed than was observed a t  t h e  2500-rpm male r o t o r  speed f o r  
loacis g rea te r  than h a l f  f u l i  load. 
The HSE can be run on an unattended basis, as was t h e  Lase du r ing  
t h e  endurance t e s t ,  w i t h  d a i l y  p l a n t  checks and maintenance per-  
formed as necessary. 
P lan t  operators need t o  be t r a i n e d  t o  operate and maintain the HSE, 
but t h e  operat ion o f  t h e  p i a n t  i s  no more complex than any other 
form o f  small t u r b i n e  generat ing p lant .  Mod i f i ca t i ons  t o  t h e  gover- 
nor system should be matie t o  enable t h e  p l a n t  t o  i d l e  across t h e  
f u l l  range o f  operat ing pressures. 
P lan t  r e l i a b i l i t y  i s  o f  t h e  utmost importance i n  the  se lec t i on  o f  
smal 1 geothermal generators. 
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SECTION IX 
SCALING AND DETERIORATION 
A. MEXICO 
Although a d e t a i l e d  program was no+. estab l ished to  determine t h e  e f f e c t s  
o f  s c a l i n g  of t h e  system, some observations were made du r ing  t h e  d i f f e r e n t  t e s t  
per iods . 
( 1 )  A t  opportune times, t h e  r o t o r s  were inspected f o r  sca le w i t h i n  the 
HSE through two 31.8-mn (1.25-in.) i nspec t i on  p o r t s  i n  t h e  case near 
t h e  high-pressure end. 
f r e e  o f  sca le a t  t h e  beginning o f  t h e  tes ts .  Some scs le  formzd 
du r ing  t h e  t e s t s  but  i n s i d e  t h e  machine a l l  s c a l i n g  was r e l a t i v e l y  
s o f t  and e a s i l y  detached. The patchy appearance o f  t h e  scale i n d i  - 
cated t h a t  detachment occurred du r ing  running o r  w h i l e  stopping o r  
both. Loss o f  sca le a l so  occlJrred d u r i n g  per iods w h i l e  t h e  machine 
was stopped. The reasons f o r  t h e  l o s s  o f  sca le a re  not  known, b u t  
temperature changes, exposure t o  a i r ,  dry ing,  and surface bond may 
a l l  be fac to rs ,  No in fo rma t ion  i s  a v a i l a b l e  on t h e  amount o f  t h e  
scale on t 3 e  r o t o r s  associated w i t h  each t e s t .  
The i n s i d e  of t h e  machine Wac, e s s e n t i a l l y  
( 2 )  The l a r g e s t  observed sca le  th ickness on t h e  HSE r o t o r s  was produce0 
du r ing  t h e  endurance t e s t .  
( 3 )  A t  t h e  end o f  t he  endurance t e s t  t h e  r o t o r s  were inspected. 
deposi ts were observed but t h e  th ickness was not  measured. 
( 4 )  The maximum deposi t  o f  record on t h e  r o t o r s  was 0.020 in. measured 
on t h e  female r o t o r  near t h e  hard t i p s  on August 11, 1980. 
measurement was by HPC and witnessed by JPL du r ing  t h e  second per- 
formance t e s t  pe r iod  w h i l e  the  t e s t  was i n t e r r u p t e d  f o r  r e p a i r  o f  a 
load bank fan. A un i form l a y e r  of t h e  thfckness measured would have 
c l o s w  t h e  leakace passages by a t  most 40%, but t h e  scale was 
observed t o  be patchy. No uni form l a y e r  o f  scale deposi t  from M - 1 1  
b r i n e  w i t h i n  t h e  HSE was ever observed. 
Scale 
'(he 
(5) The i n s i d e  o f  t h e  HSE was inspected a t  t he  end o f  t h e  downstream ana 
upstream performance t e s t s  w i t h  l ess  s c a l i n g  observed than a t  t h e  
end G: t he  endurance t e s t ;  t h e  scale was not  measured. 
(6) Early i n  t h ?  'Lesting, sca le deposited i n  t h e  pressure c o n t r o l  va lve 
( V - b a l l )  l oca ted  between t h e  we l l  and t h e  HSE (F igu re  6 - 1 ) ,  causing 
the  valve t o  s t i c k  and r e s u l t i n y  i n  pressure i n s t a b i l i t y .  The va lve 
was cleaned and a d d i t i o n a l  grease CUDS and passages were i n s t a l  led. 
The o p e r a b i l i t y  o f  t h e  valve was improved by r e i n s t a l l i n g  it i n  t h e  
d i r e c t  i on  opposi te t o  t h a t  recommended by thr l  manufacturer f o r  nor- 
mal sevice. 
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(7) Ry the end o f  the endurance test ,  a scale depos!'t 15 m (0.6-in.) 
th ick  had been formed i n  the 152-m (6-in.) diameter p ipe l i ne  
lccated between the pressure control  valve and the HSE. The chemi- 
cal  composition o f  the scale i s  reported i n  Table A-12. 
(8) A f te r  the subatmospheric -exhaust pressure tes t ,  a scale deposit with 
thickness from 0.2 mn 'io 17 nm (0.008 t o  0.67 in.) was observed i n  
the 610-mm (24-in.) diameter exhaust p ipe l i ne  located between the 
HSE and the condenser. The chemical composition of  t he  scale 
deposit i s  reported i n  Table A-12. 
I n  the  f lush water slrpply system, a l l  the carbon steel  f i t t i n g s  corroded 
in te rna l l y ,  pro ' x i n g  a buildup o f  corrosior, products. 
of  the corrusion products showed them t o  be i ron  su l f ide,  presumably caused by 
the  hydrogen s u l f i d e  known t o  be i n  the f lush water. 
CFE laboratory analysis 
B. ITALY 
Scale deposition from the heavy Cesano 1 br ine  occurred very rap id l y  a t  
the lower pressures and temperatures. 
exhaust pipe, the scale growth ra te  of g lase r i t e  was about 2 cm/h. 
bonding t o  the rotors  was poor and during t h e  Cesano tes ts  no increase i n  HSE 
ef f ic iency due t o  scale growth was mted. 
reported. 
For example, i n  the  HSE exhaust por t  and 
However, 
No erosion 3r corrosion was 
During the removal of the three damaged shaft  seal assemblies for  repair ,  
substantial corrosion was observed i n  the seal f lush  water passages supplying 
the seal assemblies. The corrosion occurred i n  the high-pressure end sect ion 
o f  the housing i n  which two of the assemblies were ins ta l led .  This section i s  
carbon steel. 
f lush water contained hydrogen su l f ide.  
low-pressure end section, which i s  stainless steel. 
The corrosion was a t t r i bu ted  t o  operation i n  Mexico where the 
No corrosion was detected i n  the  
C. NEW ZEALAND 
A post- test  inspection o f  the HSE ro to rs  and housing was made. The scale 
d q o s i t i o n  on the ro to rs  was observed t o  be a very th in ,  glassy layer, whi le  
tha t  on the housiny was observed t o  be 0.13-mm th ick ,  increasing t o  1.0 mm i n  
the exhaust elhow. The depth o f  the scale on the ro to rs  was ins ign i f i can t  i n  






A l o g  o f  a l l  equipment f a i l u r e s  was maintained f o r  both t h e  HSE power 
p l a n t  and t h e  s i t e  i n s t a l l a t i o n .  These are tabu la ted  and i d e n t i f i e d  i n  t h e  
Operation and F a i l u r e  Summary (Table A-4). 
Fourteen o f  t h e  f a i l u r e s  were associated w i t h  t h e  power p lant .  The f i r s t  
th ree  were caused by h igh  d i f f e r e n t i a l  pressure across t h e  f i l t e r  ir, t h e  o i l  
console. 
6-month s h e l f  l i f e ,  but  had been stored out of doors for  two years i n  Utah. 
Replacement w i t h  new f i l t w s  ef iminated the  problem. F a i l u r e  No. 4 was caused 
by t h e  f a i l u r e  o f  30-A fuses t h a t  suppl ied a u x i l i a r y  equipment. The a u x i l i a r y  
load had been increased. 
The f i l t e r s  t h a t  caused t h e  problem had a manufacturer 's s ta ted  
The problem was corrected by i n s t a l l i n g  40-A fuses. 
F a i l u r e s  Nos. 5, 6 ,  and 7 r e l a t e d  lo the  p i lo t -opera ted  so lenoid valves 
located i n  the  hydrau l i c  system t h a t  i s  a s s o c i a t d  wi th t h e  safety  shutdown 
system o f  t h e  power p lant .  
these valves f a i l e d  t o  seat proper ly.  This va lve f a i l u r e  was a recurrent  prob- 
lem dur ing  t h e  t e s t i n g  i n  Utah (Ref. 1, p. 7-37) and r e s u l t e d  from d i r t  i n  
system components as received from t h e  o r i g i n a l  equipment manutacturer. It was 
recommended (Ref. 1, p. 7-40) t h a t  t h e  hydrau l i c  system be cleaned +3 stop t h i s  
recurrent  problem, bu t  the  disassembly cnd cleaning were never convenient 
dur ing any pnase o f  t h e  I E A  Programme. 
t e s t i n g  a t  each s i t e ,  more o f t e n  i n t e r f e r i n g  w i t h  s t a r t i n g  up the  p l a n t  ra ther  
thdn w i t h  stopping t h e  p lant .  
The t h r e e  f a i l u r e s  occurred because one o r  both o f  
The problem continued throughout t h e  
F a i l u r e  No. 13, f a i l u r e  o f  the  synchronizat ion gear, was caused because 
o f  blockage o f  a l u b r i c a t i o n  passage. ?he l i n e  had been plugged by an insec t  
i n  Utah dur ino t h e  sbaf t  seal mod i f i ca t ion  (Ref. 1, p. 6-16), and, unfortu- 
nate ly ,  t h e  removal of t h e  plugging mater ia l  was not complete. The mater ia l  
migrated and plugged a nozzle f o r  spraying o i l  onto t h e  gears. F a i l u r e  No. 14, 
var ia t io r ,  i n  t h e  vo l tage generated, was caused by corros ion on t h e  contacts of 
one o r  more vo l tage potentiometers i n  the  vol tage regu la to r  f o r  the  a l te rna tor .  
The problem was resolved by c y c l i n g  the  po tcn t io re te rs .  
From t h e  above discussion i t  i s  seen t h a t  n ine  o f  the  fourteen f a i l u r e s  
a t t r i b u t e d  t o  t h e  HSE power p l a n t  a re  f u l l y  understood and e i t h e r  were o r  can 
be e a s i l y  ccrrected. A l l  were external  t o  the HSE except the f a i l u r e  o f  the 
r o t o r  synchronizat ion gears. 
HSE. These f a i l u r e s  were e a s i l y  corrected, b u t  t h e  causes were not as e a s i l y  
el iminated. Four o f  thesg f a i l u r e s  resu l ted  from contaminants i n  the  water f o r  
t h e  shaf t  seals and the f i f t h  resu l ted  f r a v  t h e  accumulation o f  a i r  i n  the  main 
o i l  pump wh i le  tk,e power p l a n t  was shut down. 
The remaining f a i l u r e s  were a lso  external  t o  t h e  
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B. ITALY 
Unfami l ia r  harsh noises emdnated from the  HSE dur ing  t e s t i n g  on Cesano 1 
f l u i d s  beginning dur ing t h e  f i r s t  t e s t .  
noises. V i b r a t i o n  p r o t e c t i o n  switches shut down the  power p lan t  ear ly  i n  the 
f i r s t  t e s t  and it was necessary t o  increase t h e  switch s e t t i n g s  i n  order t o  
cont inue t h e  tes t ing .  A t  random i n t e r v a l s ,  sharper sounds o r  h i t s  and l a r g e r  
v i b r a t i o n s  were observed. The unfami l  i a r  noises and v i b r a t i o n s  were bel ieved 
t o  be cabsed by scale t h a t  was deposited r a p i d l y  w i t h i n  t h e  HSE and t h a t  broke 
loose i n t o  t h e  path o f  t h e  rr l tors.  
damage t o  t h e  shaf t  seals resu l ted  i n  excessive o i l  consumption. Inspect ion 
showed t h a t  some o f  t h e  carbon segments i n  t h e  damaged seals had each cracked 
a t  t h e  center notch where t h e  segment rested against  a lock ing  pin.  Replace- 
ment o f  th ree  of t h e  four  seal assemblies was necessary t o  cont inue the  t e s t  
programme. 
severely enough t o  prevent completing t h e  tests .  No f u r t h e r  segment breakage 
was detected. 
V i b r a t i o n  was associated w i t h  these 
A f t e r  26 hours o f  operat ion,  cumulat ive 
One o f  t h e  replacement assemblies leaked immediately, b u t  not  
The conrtecting o f  t h e  power p l a n t  t o  t h e  ENEL g r i d  was done manually. 
While t h e  connection was being made on f4zrch 24, 1981, t h e  Yynchronization was 
inexact  and t h e  snear p ins were broken, as discussed e a r l i e r  i n  Sect ion V I I .  
Dur ing one attempt, t h e  v i b r a t i o n  switches were t r ipped.  The f a i l u r e  o f  t h e  
shear p ins i s  not considered a power p l a n t  def ic iency.  Nei ther  are equipment 
damage o r  f a i l w e s  repor ted f o r  t h e  load bank o r  other a u x i l i a r v  equipment. 
C. NEW ZEALAND 
Equipment problems were encountered dur ing t h e  performance t e s t  per iod 
Dur ing t h e  peformance t e s t  period, t h e  shaf t  and dur ing the  endurance t e s t .  
sea l ing  problem t h a t  fol lowed the  i n s t a l  l a t i o n  of t h e  defect ive male low-pres- 
sure shaf t  seal assembly i n  I t a l y  continued as discussed e a r l i e r .  The discon- 
t inuogs nature of t h e  performance t e s t  made it impossible t o  determine if the 
leakage r a t e  changed dur ing t h e  t e s t  period. 
l a t o r  f o r  t h e  HSE a l t e r n a t o r  requi red stopping t h e  performance t e s t  a f t e r  61.5 
hours of  t e s t  u n t i l  a replacement regu la to r  was i n s t a l l e d .  The regu la to r  t h a t  
f a i l e d  had malfunct ioned e a r l i e r ,  beginning i n  Mexico, where the ambient H z S ,  
s a l t  spray, humidi ty and temperature werc >ometimes very high. 
A f a i l u r e  o f  the  vo l tage regu- 
Ddring t h e  endurance t e s t ,  wear and f a i l u r e  o f  several components 
occurred. The most s i g n i f i c a n t  f a i l u r e  invo lved loss  of o i l  through t h e  s h a f t  
seals. The seals have a design o i l  consumption o f  approximately 3.8 1 (1 gal.) 
of o i l  per day per seal ,  on t h e  average, a t  3000-rpm male r o t o r  speed, and per-  
haps 5 t o  7 1 per day per seal average a t  3300-rpm male r o t o r  speed. This o i l  
migrates across t h e  seals i n t o  t h e  f l u s h  water and can be discharged t o  waste 
w i t n  the  geothermal f l u i d  as was done i n  New Zealand, o r  i t  can be recaptured 
from the  seal assemblies through t h e  recapture passages. A t  t h e  s t a r t  o f  t h e  
New Zealand endurance run t h e  o i l  loss  from the machine ( f o u r  seals)  was moni- 
to red  t o  be 35 1 per day, we l l  above t h e  design consumption. For the  e n t i r e  
endurance tes. 3750 1 o f  o i l  were l o s t  a t  an average o i l  consumption o f  55 1 
per day f o r  t h e  t e s t .  
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The h igh i n i t i a l  consumption and t h e  increase can be explained i f  p a r t i -  
cu la tes of t h e  types t h a t  damaged t h e  low-pressure male seal assembly, which 
was replaced (see ( 3 )  i n  Sect ion VII.C), a l s o  damaged the  other  t h r e e  assem- 
b l i e s .  The progress ive damage dur ing  t h e  endurance t e s t  can be explained by 
damage i n  t h e  other  t h r e e  assemblies from seal races damaged by p a r t i c u l a t e s  
dur ing  t h e  performance t e s t  or from damage caused dur ing  t h e  endurance t e s t  by 
p a r t i c u l a t e s  not removed from t h e  system. The e x p l m a t i o n  o f  damage by p a r t i -  
cu la tes i s  suoported by t h e  inspect ion i n  I t a l y  o f  t h r e e  seal assemblies, which 
showed no detectable wear a f t e r  1224 hours o f  operat ion up t o  t h e  t ime o f  
removal c f  t h e  seal assemblies f o r  inspect ion,  f a i l u r e  ana lys is  and 
rep1 acement , 
A second poss ib le  explanat ion f o r  t h e  increase i n  o i l  l o s s  dur ing  t h e  
endurance t e s t  i s  thermal d i s t o r t i o n  i n  t h e  high-pressure female seal assembly 
caused by a blockage o f  t h e  o i l  f low necessary t o  keep t h e  seal assembly cool. 
This explanat ion i s  less  l i k e l y  because o f  t h e  cont inu ing  increase a f t e r  t h e  
blockage was corrected, The cor rec t  explanat ion f o r  t h e  excessive o i l  leakage 
r a t e  may not  be known u n t i l  t h e  seals i n  a l l  four  assemblies used dur ing  t h e  
endurance t e s t  a re  inspected. 
Four other  f a i l u r e s  on a n c i l l a r y  equipment occurred: 
The p l a n t  was automat ica l ly  shut down on March 4 by t h e  sa fe ty  shut-  
down c i r c u i t r y  when the overspeed swi tch t r ipped,  as s ta ted  e a r l i e r .  
The switch was rese t  and the  t e s t  continued. It i s  not known 
whether t h e  c i r c u i t r y  o r  switch m a l  functioned, o r  whether t h e  switch 
s e t t i n g  d r i f t e d  o r  was improperly set. What i s  known i s  t h a t  t h e  
c h a r a c t e r i s t i c s  o f  t h e  switch made the  s e t t i n g  of the  switch inipre- 
c i s e  but normally f r e e  o f  d r i f t .  Equipment purchased f o r  s e t t i n g  
t h e  switch on t h e  bench was not s a t i s f a c t o r y  so the  s e t t i n g  o f  the  
switch was u s u a l l y  done w h i l e  i n s t a l l e d .  
The automatic greasing system ceased t o  func t ion  on A p r i l  7 when a 
microswitch f a i l e d .  Greasing o f  t h e  governor valve was performed 
Tanual ly on a d a i l y  bas is  f o r  t h e  remainder o f  t h e  t e s t  because a 
replacement switch was no t  ava i? ab1 e. 
The two metering pumps used t o  scavenge water from t h e  ’ 
o i l  reservo i rs  f a i l e d  i n  l a t e  A p r i l ,  One u n i t  ceased t, a t e .  
The other  continued t o  r o t a t e  but  ceased t o  pump. One punt@ removed 
water from t h e  main o i l  reservo i r .  Prolonged, undetected f a i l u r e  o f  
t h i s  pump would r e s u l t  i n  water being fed t o  the  bearings and shaf t  
seals. A f t e r  the f a i l u r e  was detected, t h e  main o i l  r e s e r v o i r  was 
drained o f  15 t o  25 gal.  o f  water d a i l y .  One pump was repai red j u s t  
p r i o r  t o  t h e  terminat ion o f  t h e  t e s t .  Both pumps were i n s t a l l e d  
because o f  problems r e l a t i n g  t o  the  centr i fuge. The cent r i fuge was 
i n s t a l l e d  above t h e  main o i l  r e s e r v o i r  so t h a t  t h e  case o f  t h e  cen- 
t r i f u g e  drained i n t o  the  reservo i r .  This was done t o  avoid loss  o f  
t h e  o i l  f low ing  t o  t h e  c e n t r i f u g e  i f  the  c e n t r i f u g e  were t o  f a i l  o r  
stop. Unknown a t  the t ime of i n s t a l l a t i o n  was t h a t  some of the 
water t h a t  t h e  c e n t r i f u g e  removed from t h e  o i l  drained i n t o  t h e  
c e n t r i f u g e  case and consequently i n t o  the  reservo i r .  The second 
‘em of the  
10-3 
reservo i r  and pump were i n s t a l l e d  t o  provide separation by s e t t l i n g  
because the capacity o f  the centr i fuge was not s u f f i c i e n t  t o  handle 
an increase i n  load. The preferred cor rec t ive  measure would be t o  
replace t?e  cent r i fuge with one o f  adequate size, i n s t a l l e d  so t h a t  
no water from the centr i fuge drains i n t o  the main o i l  reservoir .  
Otherwise, higher q u a l i t y  pumps are recammended. The i n s t a l  l a t i o n  
o f  a high-water sensor t o  actuate a d ra in  valve on the reservo i r  i s  
desirable i n  the  event o f  f a i l u re .  
The jack ing motor f a i l e d  t o  t u r n  the  ro to rs  upon terminat ion o f  the 
t e s t  on May 3.  The jack ing motor assembly had been i n s t a l l e d  i n  
Mexico during preparat ion f o r  t e s t i n g  there. To avoid delaying the 
tes ts ,  read i l y  ava i lab le  par ts  had been u t i 1  ized. The overr id ing 
c lu tch  assembly o f  the  jack ing motor was known t o  be marginal i n  i t s  
rad ia l  misalignment capabil i t i e s ,  and consequential wear caused the  
fa i l u re .  
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SECTION X I  
MAINTENANCE: NEW ZEALAND S ITE 
dur ing  t h e  endurance t e s t ,  t h e  f o l l o w i n g  maintenance was peTformed on t h e  
HSE : 
(1) 3750 1 o f  Cal tex Regal R + 0 46 t u r b i n e  o i l  were added t o  t h e  o i l  
r ese rvo i r .  
( 2 )  The 25-pm main o i l  f i l t e r s  were changed f i v e  times. 
( 3 )  The 5-pn s h a f t  seal o i l  f i l t e r  was changed once. 
( 4 )  The c e n t r i f u g e  was cleaned th ree  times. 
( S )  The o i l  cooler  cow l ing  was cleaned twice.  
The o i l  usage has been discussed i n  t h e  previous sect ion.  The number o f  
main o i l  f i l t e r  changes i s  s i g n i f i c a n t l y  more than estimated by HPC. Replace- 
ment f i l t e r  elements had t o  he hrought i n t o  New Zealand from t h e  Uni ted States. 
It i s  thought t h a t  water en t ra ined  w i t h  t h e  o i l  was causing t h e  r a p i d  b lock ing  
o f  t h e  paper elements. Polypropylene elements were tes ted  and they e x h i b i t e d  
super ior  performance. Since a c e n t r i f u g e  o f  proper s i z e  and placement can e l i -  
minate water entrainment i n  t h e  o i l ,  f requent changes and t h e  use o f  polypropy- 
lane elements instead o f  paper elements should no t  be necessary. 
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SECTION X I 1  
RECOMMENDATIONS 
A. MEXICO 
CFE recoinmends t h a t  t e s t s  be designed and c a r r i e d  out s p e c i f i c a l l y  t o  
measure t h e  e f f e c t s  of sca l i ng  on t h e  effi:iency o f  t h e  HSE as t h e  i n t e r n a l  
clearances close. 
6. ITALY 
The f o l l o w i n g  recommendations were based e i t h e r  on t e s t  resiilts o r  
(1) The shaft  seal design was successfu l ly  improved t o  take i n t o  account 
the  v i b r a t i o n s  and mechanical shock induced from operat ion w i t h  
scal  i n g  f l u i d s .  Add i t i ona l  improvement i s  recommended. 
The r o t o r - t o - r o t o r  and rotor - to-case clearances should be diminished 
i n  order t o  improve t h e  HSE e f f i c i e n c y .  (See a l so  Ref. 1, 
general considerat  ions: 
( 2 )  
p. 7-38.) 
C. NEW ZEALAND 
The M i n i s t r y  o f  Works and Development recoinmends t h e  f o l l o w i n g  machine 
mod i f i ca t i ons  and imbrovements: 
(1)  - Shaft S e a l i n q  - Y o d i f i c a t i o n s  t o  p r o t e c t  t h e  s h a f t  seals from abra- 
s ives c a r r i e d  by t h e  f l u s h  water must be undertaken t o  improve t h e  
re1 i a b i l  i t y  o f  t he  HSE. 
( 2 )  Governor - Med i f i ca t i ons  t o  the  governor system (see a lso Ref. 1, 
pp. 7 - 3 8  and 7-41) a re  recommended to :  
( a )  Overcome rap id  hunt ing o f  t he  governor valve. (See Sect ion 
I I .A.3.) 
( b )  Enable t h e  p l a n t  t o  i d l e  over t h e  f u l l  range o f  operat ing pres- 
sures. (See Sect ion 11.4.3.) 
( 3 )  Centrifug_q - I t  i s  recommended t h a t  a c e n t r i f u g e  w i t h  increased 
capaci ty  be i n s t a l l e d .  A se l f - c lean ing  c e n t r i f u g e  should be con- 
s idered. 
(4) Plan t  Star t -up - Excessive e f f o r t  i s  requi red t o  3pen the  h y d r a u l i -  
c a i l y  operated safety  shutdown valve. The hand pump should be 
replaced w i t h  an e l e c t r i c  pump actuated from t h e  key s t a r t .  
see Ref. 1, p. 7-41.) 
(A lso 
The hyd rau l i c  c o n t r o l  system i s  prone t o  a i r  entrainment upstream o f  
t h e  battery-operated o i l  pump on s tar t -up,  P ip ing  mod i f i ca t i ons  and 
dn automatic a i r  b’eed would overcome t h i s  problem. 
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The battery-operated o i l  pump could be replaced w i t h  a u n i t  w i t h  a 
l a r g e r  capaci ty  and a h igher  d e l i v e r y  pressure t o  improve t h e  gover- 
nor response on s t a r t - u p  o f  t h e  p lant .  
Larger-capaci ty b a t t e r i e s  should be i n s t a l  l e d  t o  prov ide s u f f i c i e n t  
capaci ty  t o  powe: t h e  wggested improvements i n  t h e  battery-operated 
equipment and t o  a l l ow  f o r  an extended star t -up.  
(5) Inst rumentat ion - Inst rumentat ion t o  d i sp lay  the  bear ing tempera- 
t u r e s  should b e  i n s t a l l e d  on t h e  s k i d  mount. 
( 6 )  P i p i n g  M o d i f i c a t i o l s  - An improved layout  o f  t h e  water and o i l  
supply p i p i n g  t o  t h e  shaft  seals and bearings i s  h i g h l y  des i rab le  t o  
enable easier f a u l t  t r a c i n g  and maintenance o f  these systems. (A l so  
see Ref. 1, p. 7-41.) 
D. GENERAL RECOMMENDATIONS 
The author o f  t h i s  repo r t  recommends t h a t :  
( 1 )  The f o l l o w i n g  be performed w i t h  t h e  HSE Power P 
( a )  Disassemble t h e  s h a f t  seals and analyze a1 
damage. 
( b )  Replace d l l  damaged par ts .  
( c )  I n s t a l l  new shaf'. seal zssemblies. 
(d )  I n c t a l l  a new shaft  seal support systerli of 
ant  Model 76-1: 
components f o r  
p re fe r red  s i z e  and 
components, i n c l u d i n g  f l ush .  water f i l t r a t i o n  t o  1 pm. 
( e )  Reconvert f o r  60-Hz operat ion t o  r e s t o r e  output r a t i n g  t o  1 MW. 
( f )  Operate under design cond i t i ons  t o  c lose  t h e  r o t o r  clearances. 
(9) Measure performance as clearances cio5e. 
( h )  Operate w i t h  usefu l  load a t  l e a s t  lony enough t o  obta in  s e r v i c e  
l i f e  informat ion.  
( i )  Perform a cos t /bene f i t  analys is  on the  r e s u l t s .  
( j )  I f  b e n e f i t  analys is  i s  favorable,  determine t h e  performance 
under various cond i t ions . 
( 2 )  The HSE Power P lan t  Model 76-1 be replaced w i t h  a new model 
l a r g e r  s i z e  (such as t h e  5-MU s i z e  replacement o r i g i n a l l y  p 
f o r  t h e  e a r l i e r  p r o j e c t )  having a compound speed c o n t r o l  va 
a l l  o ther  improvements i d e n t i f i e d  dur ing t e s t i n g  as des i rab 
possible,  and then t e s t  f o r  performance and serv ice l i f e .  






COST/BENEF IT ANALYSIS 
The c o s t / b e n e f i t  a n a l y s i s  f o r  each s i t e  was guided by t h e  f o l l o w i n g  spec- 
i f i c a t i o n s  from t h e  Execu t i ve  Committee: 
( 1 )  The p o s s i b l e  a p p l i c a t i o n s  and p o t e n t i a l  f o r  t h e  HSE power p l a n t  i n  
( 2 )  
each p a r t i c i p a t i n g  count ry  should be repor ted .  
An economic comparison o f  t h e  1-VW Model 76-1 HSE power p l a n t  w i t h  a 
1-MW bfick-pressure steam t u r b i n e  se t  should be made. The cos t  e s t i -  
mates should be on t h e  b a s i s  of commercial p o d u c t i o n  o f  e l e c t r i c  
power, exc lud ing  geothermal Ne11 costs.  The assumptions made i n  t h e  
a n a l y s i s  should be repor ted .  
The a n a l y s i s  f o r  each s i t e  was based on t h e  HSE perforif lance as measured, 
w i t h  t h e  c learances and t h e  -1 ?akage past t h e  r o t o r  assuined t o  remain as tes ted .  
The p o s s i b i l i t y  t h a t  t h e  ef - 7  i i e n c y  ga ins  demonstrated d u r i n g  t h e  endurance 
t e s t s  might con t inue  a s  more s c a l e  depos i ted  d u r i n g  prolonged use, t hus  pro-  
g r e s s i v e l y  reduc ing  leakage, was no t  considered i n  t h e  ana lys is .  The HSE p r i c e  
was assumed t o  be t h e  cos t  o f  Model 76-1, as used, w i t h o u t  imqrovements. It 
should be recognized t h a t  s ince  t h e  Model 76-1 i s  a one-of-a-kind machine h i l t  
f o r  t e s t  purposes, t h i s  p r i c e  may no t  a c c u r a t e l y  r e f l e c t  what t h e  a c t u a l l y  
quoted p r i c e  would be t o  a p rospec t i ve  purchaser o f  a coinmexial  M E  power 
p l a n t ,  o r  what model would be a v a i l a b l e .  
I n  t h e  analyses, a l l  speed reducer and a l t e r n a t o r  losses  were ignored o r  
assumed equal f o r  comparably s i zed  indchines. 
A. MEXICO 
The t n a l y s i s  was based on a cornparison of t h e  s p e c i f i c  t o t a l  illass f low- 
r a t e s  ( tons /h  pe r  megawatt) and cos ts  f o r  a 1-MW HSE power p l a n t  and a 1-MM 
steam t u r b i n e  se t ,  bo th  i n  back-pressure opera t ion .  Two se ts  o f  b e n e f i t  
analyses were done. The f i r s t  s e t  was f o r  a hot-water r e s e r v o i r  tempera ture  
c o r r e s p m d i n g  t o  w e l l  M-11 ;  t h e  second s e t  a p p l i e d  t o  a spectrum o f  hot-water 
r e s e r v o i r  temperatures. 
I s e n t r o p i c  machine e f f i c i e n c i e s  were se lec ted  on t h e  f o l l o w i n g  bases: 
( 1 )  
( 2 )  
1. 
a. 
v a r i a t i o n  
t h e  t h r e e  
Steam t u r b i n e  e f f i c i e n c y  o f  65% f o r  a por tab le ,  noncondensing steam 
t u r h i n e  opera t i ng  w i t h  in1.t p ressure  rang ing  between 4 and 20 bars 
(58 and 290 p s i ) ,  accord ing  t o  commercial l i t e r a t u r e .  
HSE e f f i c i e n c i e s  ( H m )  o f  55% and 48%, based r e s p e c t i v e l y  on endur- 
ance t e s t  r e s u l t s  w i t h  f l o w  measured downstream ( F i g u r e  6-1)  and 
subsequent t e s t  r e s u l t s  w i t h  f iuws measured upstream ( F i g u r e  6-2) .  
Benefits 
Comparison o f  S n e c i f i c  2 ___---___ T o t a l  Mass ~ ----- F lowra te .  F i y u r e  13-1 shows t h e  
o f  s p e c i f i c  t o t a l  mass f l o w r a t e  as a f u n c t i o n  of i n i e t  p ressure  f o r  
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Figure  13-1. Comparison Between t h e  HSE and a Steam Turbine; 
Reservoir  Temperature 290OC (Ref. A ,  F i g .  25)  
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o f  290°C, corresponding t o  w e l l  M-11. As t h e  f i g u r e  shows, t h e  HSE w i t h  55% 
e f f i c i e n c y  i s  super ior  t o  t h e  t u r b i n e  for a l l  values o f  i n l e t  pressure, based 
on s p e c i f i c  consumption. I f  t h e  HSE e f f i c i e n c y  i s  48X, t h e  HSE i s  favored only 
f o r  i n l e t  pressures ahove 14 bars (203 p s i ) .  However, i n  t h e  case o f  w e l l  
M-11, t h e  HSE i n l e t  pressure would be l i m i t e d  t o  12 t o  14 bars (174 t o  203 p s i )  
o r  less,  s ince t h e  w e l l  product ion decreases more r a p i d l y  than t h e  s p e c i f i c  
t o t a l  mass f l o w r a t e  as pressures increase above 14 bars, as shown w i t h  t h e  a i d  
o f  t h e  we1 1 product ion c h a r a c t e r i s t i c s  curve (F igu re  A-3). 
b. Comparison o f  Power Generation --- from Well. An analys is  was made f o r  
w e l l  M-43 t o  compare t h e  maximum ob ta inab le  power generat ion us ing a w e l l  w i t h  
s i m i l a r  temperature, b u t  greater  product ion than w e l l  M - 1 1  where t h e  HSE t e s t s  
were performed. 
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The i r l e t  pressures used i n  t h e  analyses were 14 bars f o r  t h e  t u r b i n e  and 
20 bars f o r  t h e  HSE, these pressures being considered as the  respec t i ve  qptimum 
values. 
demonstrated. 
Operation o f  t h e  HSE w i t h  i n l e t  pressures as h igh as 20 bars was not  
The energy and mass balance f o r  each generator set  i s  included i n  t h e  
process diagram shown i n  F igu re  13-2. The f o l l o w i n g  data were obtained: 
S p e c i f i c  T o t a l  Mass 
E f f i c i ency Powel- Flowrate 
Machine x MW tons/MWh 









The choice between i n s t a l l i n g  a steam t u r b i n e  o f  65% e f f i c i e n c y  o r  an HSE 
o f  48% e f f i c i e n c y  on w e l l  M-43 w i l l  depend only  upon cost,  i f  t h e  s p e c i f i c  
t o t a l  mass f l o w r a t e  adbantage o f  t h e  HSE i s  not important. The f l u i d  disposal  
requirements o f  t h e  HSE a re  a l so  smaller. These advantages could be important 
when an e n t i r e  r e s e r v o i r  w i t h  a temperature o f  290OC i s  being considered. A 
55% e f f i c i e n t  HSE i s  t h e  p re fe r red  machine based on performance b e n e f i t ,  i f  t h e  
cost  permits. 
c. Comparison fo r  Hot Water Resources o f  Other Temperatures. The 
ana lys i s  was extended t o  i n v e s t i g a t e  t h e  b e n e f i t  t h a t  could be obta ined w i t h  
t h e  HSE on hot water r e s e r v o i r s  having other  temperatures, assuming t h e  same 
e f f i c i e c c y  values for  t h e  machirles. 
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The r e l a t i o n s h i p  of s p e c i f i c  t o t a l  mass f l o w r a t e  and i n l e t  p ressu re  i s  
compared f o r  t h e  t c r b i n e  and t h e  48% and 551 e f f i c i e n t  HSEs i n  F i y u r e s  13-3 
13-4, r e s p e c t i v e l y ,  f o r  f i v e  r e s e r v o i r  temperdtures. The r e s u l t s  a re  summa- 
r i z e d  i n  Table 13-1 t o  show t h e  i n l e t  p ressure  ranges f o r  which t h e  s p e c i f i c  
t o t a l  mass f l o w r a t e  o f  t h e  HSE i s  l e s s  than f o r  t h e  steam t u r b i n e .  
A l though each w e l l  has a p a r t i c u l a r  p roduc t i on  behavior ,  i t  i s  reasonable 
t o  a s s m e  t h a t  f o r  we l lhead pressures  y r e a t e r  t han  15 t o  20 bars,  p r o d u c t i v i t y  
begins t o  decrease r a p i d l y  w i t h  i n c r e a s i n g  pressure.  Wi th  t h i s  response, 
a v a i l a b l e  w e l l  p r o d u c t i v i t y  i s  wasted. Rased on t h i s  c o n s i d e r a t i o n  and t h e  
result, :  i n  Tab12 13-1, i t  can he concluded t h a t  t h e  HSE w i t h  48% e f f i c i e n c y  
would ou tper fo rm t h e  steam t u r b i n e  on ho t  water  geothermal r e s e r v o i r s  w i t h  
temperatures up t o  2 7 5 O C .  
l i i y  c o u l d  be extended t o  r e s e r v o i r s  w i t h  300°C temperatures.  
For  t h e  55% e f f i c i e n t  HSF, t h e  u t i l i z a t i o n  f e a s i h i -  
2. Economic Comparison 
N e i t h e r  t h e  cos t  of th f !  geothermal w e l l  nor t h e  cos+ o f  t h e  f l u i d  
d ischarge system was cons idered i n  t h i s  ana lys i s .  The c o s t s  of t h e  genera tor  
se ts  a r e  f o r  complete i i n i t s ;  i n s t a l l a t i n n  cos ts  and t h e  cos t  of a i i x i l i a r y  g ~ o -  
thermal  equipment arc, i nc luded  as f o l l o w s :  
(1) The cos t  o f  t h e  steam t u r h i r l e  u n i t  was $5NI,i)03 U.S. ,  t h e  cos t  
n f  t h e  a u x i l i a r y  equipment siich as separa tor ,  h i l e n c e r ,  p i p i n g ,  
va lves  and accessor ies was Sln4,000 1I.S.; cos t  t o  i n s t a l l  t h e  
t u r h i n e  u n i t  was $25,000 U.5.: cos t  t o  i n s t a l l  t h e  a u x i l i a r y  
equipment vas 94U,OOO U.S.; then t h e  t o t a l  cos t  would he 
$669.000 I 1  .S. 
( 2 )  The cos t  o f  t h e  HSE u n i t  i s  98U0,OOO 1J.S.; t h e  a u x i l i a r y  equip-  
ment siich as p i p i n g ,  s i l e n c e r  va lves and i n s t r u m e n t a t i o n  i s  
es t imated  a t  950,000 IJ.7.; HSE u n i t  i n ! t a l l a t i o n  i s  $40,000 
1J.S.; a u x i l i a r y  equipment i n s t a l l a t i o n  I S  $19,000 1J.S.; and 
t o t a l  cos t  i s  SS09,OOO U.S. 
3. Conclus ions 
(1) The ecrnomic comparison shtws t h a t  t h e  t o t a l  i n s t ~ l l e d  equip-  
ment cos t  f a v o r s  use d f  t h e  l-liN steam genera tor .  
( 2 )  The HSE w i t h  551 e f f i c i e n c y  shows a thermdynamic  b e n e f i t  over  
t h e  t u r b i n e ,  h i e  t o  i t s  lower  s p e c i f i c  t o t a l  mass f l o w r a t e  f o r  
geothermal we1 Is i n  ho t  water  systems a t  temperatures I P D  t o  
300°C, i f  i t  can he operated i n  t h e  i n l e t  p ressure  rdnge spec i -  
f i e d  i n  Tab le  13-1. 
( 3 )  For t.he HSE w i t h  484: e f f i c i e n c y  t h e  thcrmodynainic h e n e f i t  over  
t k  i . . l rh ine  extends t o  r e s e r v o i r  temperatures up t o  2 7 5 O C ,  pro -  
v idcd  i t  can be opera t rd  i n  t h e  i n l e t  p ressure  range s p e c i f i e d  
i n  Tahln 13-1. I n  t h i s  a p p l i c a t i o n ,  use of t h e  HSE i s  f e a s i -  
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Table 13-1. Results o f  Comparison Between HSE and a Steam Turbine f o r  
D i f f e r e n t  Temperatures 
Steam Turbine HSE 
Rm = 48% Rm = 55% 
Reservoir  Optimum Spec i f ic  Pressure Spec i f ic  Pressure Spec i f ic  
Temperature Pr-csure T c t a l  Mqss Range Tota l  Mass Range Tota l  Mass 
("a (aars)  F l  owrate (bars)  Flowrate (bars)  Flowrate 
(Tons /HWh ) (Tons/YWh) (Tons/MWh ) 
200 4 204 6 - 14 173 - 147 4 - 14 180 - 128 
225 6 129 8 - 20 115 - 97 6 - 20 111 - 84 
10 - 30 83 - 68 8 - 30 78 - 59 2 50 e - 10 89 
14 - 40 61 - 51 10 - 40 58 - 44 275 10 - 14 64 
300 14 - 18 4; 20 - 40 45 - 40 12 - 40 45 - 35 
325 16 - 20 36 30 - 40 34 - 33 16 - 49 35 - 29 
> 10 -------- 30 - 40 25 - 23 3 50 18 - 20 27 
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6. ITALY 
1. Technical Considerations 
The Cesnno 7 we l l ,  i n  t he  Cesmo area, was chosen t o  c a r r y  out t h e  
b e n e f i t  analysis.  4 t  t h e  t ime o f  t h e  a n a l j s i s ,  t h i s  w e l l  was scheduled t o  be 
tes ted  i n  the  f u t u r e  t o  evaluate the p o s s i b i l i t y  o f  i n s t a l l i n g  a condensing 
power p l a n t  i n  t h e  Cesanc area. This wel l  i s  preferable t o  t h e  Cesano 1 w e l l  
f o r  t h i s  analysis.  
The hack-pressure p ro rAc t i on  curve o f  t h e  Cesano 7 we l l  i s  repor ted i n  
F igure 13-5. 
be l  ow: 
Thc main t h e  ,qodynalnic c h a r a c t e r i s t i c s  o f  t h e  wel l  are l i s t e d  
9ottom h o l e  temperature 221 =c 
anttom ho le  s t a t i c  pressure 
We1 1 head entha: py 972 kJ/kg 
CO2 content 
175 bars 
8% of  t o t a l  mass f l ow  r a t e  
The economic comparison was c a r r i e d  olrt by comparing t h e  t u r b  
generator u n i t s  i n s t a l l e d  i n  the  two d i f f e r e n t  p l a n t s  shown schemat 




l y  i n  
a. Technical Features o f  P lan t  No. 1. The turb ine,  i t em 2, i s  a mi- -__------_-- 
versa1 a c t i o n  type, 1-MW s i z e  w i t h  an i q l e t  pressure c a p a b i l i t y  ranging between 
4 and 20 bars. 
i s e n t r o p i c  e f f i c i e n c y  ranging around 75%. 
The t i l r b i n e  can use steam conta in ing from 5% t o  40% CO2 w i t h  
The optimum u t i l i z a t i o n  of geothermal f l u i d  w i t h  var ious t o t a l  CO2 con- 
t e n t  i s  t r e a t e d  pa ramet r i ca l l y  i n  F igure 13-7, which shows t h e  s p e c i f i c  power 
produced by a s i n g l e  f l a s h  back-pressure u n i t  as a f unc t i on  of wellhead 
enthalpy. From Figure 13-7 i t  can be seen t h a t  t he  optinurn separator pressure 
from we1 Iheari enthalpy o f  971) KJ!Kg and 8% Cd2 i s  aroilnd 113 bars,  
responding s p e c i f i c  power i s  39 k J I k y .  The necessary mass f l owra te ,  G, o f  
Cesano 7 f l u i d  w i l l  be: 
The cor- 
G = __I__I 'Oo0 ki.; x 3.6 conversion f a c t o r  = 93 tons/h 
39 kJ / kg 
From the  c h a r a c t e r i s t i L  curve the  wellhead pressure w i l l  be around 25 
bars f o r  t h i s  f lowrate.  The calcQlated energy ar.? mass balances f o r  !OOO kW 
are shown i n  F i g u r e  1J-6. 
The maximum power from Cesaqo 7 w i t h  t h i s  type o f  p l a n t  requi res a 
wellhead pressl i re o f  10 bars t o  y i e l d  165 tons/h, and 
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The f igures  on the l i n e s  show 
the optimum separating pressure 
(bar). The indicated power 
can be obtained only i f  the 
wellhead pressure is greater 







F igure  13-7. Spec i f ic  Power vs. Wellhead Enthalpy for a 
S ing le  Flash Back-Pressure U n i t  (Ref. R, F i g .  1 7 )  
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5 .  Technical Features of P l a n t  No. 2. I n  F i g u r e  13-8 t h e  enthalay drop 
across t h e  -forvarious Cesano / wel lhcax pressures i s  shown f o r  d i f f e r e n t  
HSE e f f i c i e n c i e s .  Ry coupl ing t h i s  r e s u l t  w i t h  the  back-pressure curve o f  
Cesano 7 it i s  poss ib le  t o  f i n d  the  maximum recoverable power. I f  t h e  HSE 
e f f i c i e n c y  were 45%, t h e  maximum power would be around 1960 kW. Since t h e  
maximum upstream al lowable pressure o f  t h e  HSE i s  20.7 bars, t h e  energy and 
mass balances are as shown i n  F igu re  13-6. 
2. Economic Considerat ions 
The cost o f  t he  r e i n j e c t i o n  l i n e ,  water c o l l e c t i n g  p i t ,  tw in  
s i lencers,  p ipe l i nes ,  safety  valves and c i v i l  works can he considered t h e  sdme 
i n  t h e  two cases. 
a. - Plan t  No. 1. The separdtor should be designed i n  such a way sc a; 
t o  separate steam f r o 6  4 t o  20 bars. 
f o l  1 owing s p e c i f i c a t i o n s  : 
The separators coiJld be designed w i t h  t h e  
Maxiinurn Gressure 21 bars 
L i q u i d  f l o w r a t e  100 tons/h 
Saturdte steam f l o w r d t e  30 tons/h 
Operating pressure 10 bars 
Ma te r ia l  carbon s tee l  
The est  , a t 4  cost  of t o i s  separator f i t t e d  w i t h  sa fe ty  valves, 
r e g u l a t i n g  va,ves nnd p i p i n g  i s  around 16rJ f’L ( m i l l i o n  l i r a )  ($107,000 U.S.). 
The estimated cost f o r  vount ing t h e  separator can he estimated as 60 Y t  
($40,000 U . S .  . 
The ii t a l l e d  cost o f  t he  turb ine,  generator and a n c i l l a r y  equipment i s  
around 800 t l i  (5535,000 lJ.5.) w i tho l i t  cons ider ing the design cost.  
The t o t a l  cost w i l l  be 1020 ML ($68?,000 U . S . ) .  
h. P l a n t  No. 7. The declared cost o f  t he  HSE u n i t  i n  October 198.3 was 
$636,801) Il.S.ded a n c i l l a r y  equipment). 
The estimated cost o f  i n s t a l l a t i o n ,  s a f e t y  valves, etc., i s  around 60 ML 
(840,000 U.S.). 
Ry apply ing a cost  esca la t i on  f a c t o r  (Chemical Engineering, February 7, 
1383) i t  i s  poss ib le  t o  ob ta in  the cost i n  1983-$v.-q.: 
315 
261 
636,800 x -= 5768,551 U . S . ,  say $7/0,000, o r  about 1150 ML. 
Tota l  cost: 1210 ML ($810,000 !J.S.). 
3. ConcIaIsions 





(1 )  The cost o f  t h e  two p l a n t s  can be considered almost t h e  s a w :  
t k ; e  p l a n t s  should be designed t o  be u t i l i z e d  on d i f f e r e n t  
wel ls.  The h igher  i n s t a l l a t i o n  cost o f  p l a n t  No. 1 w i t h  t h e  
t u r b i n e  w i l l  balance t h e  h igher  costs o f  P l a n t  No. 2 us ing t h e  
HSE w i t h  i t s  m u l t i p l e  use. 
(2) P l a n t  No. 2 shows a higher o v e r a l l  e f f i c i e n c y  than P lan t  No. 1, 
assuming an HSE e f f i c i e n c y  o f  45%. 
power from Cesano 7 i s  1770 k'vi w i t h  Plant  No. 1 against  abobt 
2000 kW w i t h  P l a n t  No. 2. 
thermal f u e l "  by u t i l i z i n g  Plant  No. 2. 
The maximum recoverable 
It i s  thus poss ib le  t o  save "ges- 
( 3 )  The r e i n j e c t i o n  costs a re  lower f o r  P lan t  No. 2. 
C. NEW ZEALAND 
The power generat ing p o t e n t i a l  and c a c i t a l  cost  o f  t h e  HSE were compared 
w i t h  those o f  a small steam tu rb ine ,  w i t h  both u n i t s  being back-pressure sets 
capable o f  generat ing 1 YW o f  e l e c t r i c a l  energy. 
1. Power Potential  Comparison o f  the  Hel ical  Screw Expander vs. t h e  
Steam Turbine 
A b r i e f ,  t h e o r e t i c a l  study eva lua t i ng  the  power generat ing p o t e n t i a l  
o f  t h e  HSE and a steam tu rb ine ,  us ing a s p e c i f i e d  geothermal resource was 
undertaken. F i ve  f l u i d  enthalp ies c h a r a c t e r i s t i c  o f  1 iquid-dominated geother- 
mal resources were used i n  t h e  study. 
Assumpt ioqs:  
(1) I s e n t r o p i c  e f f i c i e n c y :  
( a )  l - M U  HSE, 45% (observed dur ing the  endurance t e s t s ) .  
( b )  1-MW steam tu rb ine ,  60%. 
( 2 )  Exhaust pressure 14.5 ps ia .  
( 3 )  Maximum s t a b l e  operat ing pressure f o r  t he  HSE was taken t o  be 195 
psia. 
( 4 )  
(5) 
P i p e l i n e  f r i c t i o n  and energy losses were neglected. 
The power output curves were based on a u n i t  mass f l o w r a t e  o f  geo- 
thermal w e l l  f l u i d .  
For each f l u i d  enthalpy, powe' output cii, .es were prepared as a f u n c t i o n  
o f  i n l e t  pressure, as shown i n  F igure 13-9. 
The steam t u r b i n e  qptimiim power output occurs as the  raximum product o f  
t he  steam mass f l o w r a t e  determined by i s e n t h a l p i c  f l ash  cond i t i ons  and the  cor-  





The t h e o r e t i c a l  maximum power output from a given resource using t h e  HSE 
occurs a t  t h e  maximum s t a b l e  operat ing pressure. 
greatest  a v a i l a b l e  i s e n t r o p i c  enthalpy drop a t  which s t a b l e  operat ion can be 
maintained. 
This corresponds t o  t h e  
The optimum cond i t i ons  have been ext racted from t h e  generated curves, 
F igure 13-9, and a re  tabu id ted  i n  Table 13-2. 
Table 13-2. Optimum Power 
HELICAL SCREW EXPANDER STEAM TURRINE 
I n l e t  Pressure Power 
k W m  
-- F l u i d  Enthalpy I n l e t  Pressure Power 
J /g  B t u / l  b ps i a  k W m  ps i a  
900 387 195 12.4 79 9.2 
1000 430 195 16.5 101 13.2 
1100 473 195 20.6 130 17.8 
1200 516 195 24.7 166 23.6 
1300 559 195 28.8 20 3 29.1 
For t h e  optimum cond i t i ons  i t  can be seen t h a t  t h e  HSE requ i res  a smal ler  
mass f l o w r a t e  oc geothermal f l u i d  than i s  requ i red  by a steam t u r b i n e  t o  pro- 
duce 1 M W  o f  e l e c t r i c a l  power output when opera t i ng  3n a geothermal resource 
w i t h  an enthalpy o f  1200 J /g (516 B t u / l b )  o r  less.  
It has been assumed t h a t  t h e  mass f l o w r a t e  o f  geothermal f l u i d  requ i red  
This assumption i s  v a l i d  f o r  t h e  Broadlands w e l l  BR 19, where t h e  
f o r  1 M W  o f  e l e c t r i c a l  power output can be sustained a t  ;he opt imized i n l e t  
pressures. 
we1 lhead discharge pressures t o  sus ta in  the  requi red mass output occur above 
435 p s i a  (30 bar abs). 
f l o w r a t e  w i t h  wellhead pressure has t o  be considered. 
For geothermal we l l s  where t h i s  i s  no t  v a l i d ,  t h e  mass 
2. Cost In fo rma t ion  
Budget cost  i n fo rma t ion  was cbtnined f o r  both t h e  HSE and steam t u r -  
b ine u n i t s .  The equipment inc ludzd t h e  a l t e r n a t o r ,  e l e c t r i c a l  c o n t r o l  equip- 
ment ana a n c i l l a r y  p l a n t  I C  * t h e  proper f u n c t i o n i n g  o f  t h e  generat ing sets. 
The cost i n fo rma t ion  was as o f  March 15, 1983: 
( 1 )  HSE Un i t ,  $800,000 U.S. - Rudget c o s t  suppl ied v e r b a l l y  by t h e  
Hydrothermal Power Company ( rev i sed  October 3, 1983). 
( 7 )  Steam Turbine U n i t ,  $220,000 U.S. - Eudget cost  f o r  i! m u l t i -  
stage 1-MW standard frame t u r b i n e  s u i t a b l e  f o r  geothermal ser-  
v ice.  
The separator, water vessel and a d d i t i o n a l  pioework requi red f o r  t h e  
steam t u r t i n e  was estimated a t  $50,000 U.S. by t h e  F l i n i s t r y  o f  h'orks and 
Development. 
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3. Discussion and Conclusion 
The p o t e n t i a l  o f  t h e  HSE on lower-enthalpy geother.!llll resources f o r  
greater  power product ion than can be achieved by a small sre5rn-turbine genera- 
t o r  i s  shown i n  Table 13-2. 
f l u i d  enthalpy o f  1250 t o  1300 J/g, t h e  power generat ing p o t e n t i a l  f o r  both t h e  
HSE and She steam t u r b i n e  a re  s i m i l a r .  Cap i ta l  i nvesc ien t  c l e a r l y  favors t h e  
s t e m  t u r b i n e  generat ing set.  
cr jsts because t h e  endurance t e s t  d isc losed d e f i c i e n c i e s  t h a t  must be remedied 
before meaningful ope ra t i ng  and maintenance costs can be i d e n t i f i e d .  For t h e  
Broadlands BR 19 s i t e  t h e r e  i s  c l e h r l y  no f i n a n c i a l  b e n e f i t  t o  be gained from 
i n s t a l l i n g  an HSE,  based on c a p i t a l  costs. 
From t h e  Broadlands w e l l  BR 19 w i t h  an average 
This comparison does not  consider operat ing 
D. COST/BENEFIT ANALYSIS SUMMARY AND DISCUSSION 
The costs presented i n  t h e  anal jses a re  summarized i n  Table 13-3, which 
shows t h e  cost o f  t h e  equipment, t h e  i n s t a l l a t i o n  costs, and t h e  cost  t o t a l s .  
Costs o f  operat ion,  maintenance, overhaul, and deprec ia t i on  of t h e  equipment 
were omit ted from t h e  analys is  f o r  lack o f  data. 
I n  t h e  analyses, t h e  b e n e f i t  o f  using t h e  Model 76-1 HSE power p l a n t  i n  
i m p a r i s o n  w i t h  t h e  t u r b i n e  generator set  was based on t h e  thermodynamic per- 
formarice o f  t h e  machines on e a s i l y  manageable f l u i d s .  The HSE was shown t o  
cos t  more !wt have a performance advantage ova- t h e  t w b i n e  f o r  each o f  t h e  
t e s t  locat ions,  a l though t h e  advantage was not  l a r g e  f o r  HSE e f f i c i e n c i e s  taken 
as 45% t o  48$ 
ENEL f o r  usage o f  t h e  HSE t o  be f e a s i b l e  f o r  c e r t a i n  wel’s. 
c ienc ies  o r  lower-enthal  py rese rvo i r s ,  he advantage of using t h e  HSE 
increases . 
The performance advantage was cansidered s u f f i c i e n t  by CFE and 
For higher e f f i -  
D-r ing t h e  t e s t i n g  o f  t he  HSE,  i t  was demonstrated t h a t  t h e  machine was 
t o l e r a n t  of process upsets leading t o  f ooding o f  t h e  i n l e t  o r  o f  t h e  exhaust 
up t o  the  ro to rs .  The b e n e f i t s  of c h a r a c t e r i s t i c s  such as t h i s ,  o r  to lerance 
t o  s c a l i n g  b r ine ,  if any, were outs ide the  scope o f  t he  analyses. The poss ib le  
decay i n  f i e l d  p r o d u c t i v i t y  and the  need t o  operate t h e  prime mover of f -des ign 
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From a p r a c t i c a l  p o i n t  o f  view, t h e  use o f  t h e  HSE i n  Mexico i s  e n t i r e l y  
f e a s i b l e  as i nd i ca ted  by t h e  thermodynamic performance and d i s t r i b i * t i o n  o f  
f a i l u r e s  t h a t  occurred du r ing  t h e  tes ts .  
using geoth?rmal f l u i d s  a t  t h e  wellhead can he a t t r a c t i  3 because it can use 
t h e  F lu ids i n  t h e  na tu ra l  c o n d i t i o n  o f  unsepatdced steam and b r i n e  i n  geother- 
mal f i e l d s  under development, o r  on enploratory  we l l s  to :  
The a p p l i c a t i o n  o f  an HSE power p l a n t  
( 1 )  
( 2 )  Evaluate procedures t o  reduce o r  e l i m i n a t e  s c a l i n g  i n  I w u i p -  
V e r i f y  t h e  o p e r a b i l i t y  o f  h i g h l y  sca l i n (  f l u i d s  a t  d i f f e r e n l  operat-  
i n g  pressures. 
ment 
( 3 )  Perform p roduc t i on  t e s t s  t o  check t h e  geothermal reserves of t he  
f i e l d s .  
( 4 )  I n v e s t i g a t e  t h e  r e l a t i o n  between t h e  product ive process o f  t he  f i e l d  
and it: recharging through r e i n j e c t i b n .  
B. ITALY 
The main use of t he  HSE power p l a n t  i n  I t a l y  would be a; a wellhead back- 
The machine can he used convenient ly  i n  t h i s  manner du r ing  t h e  pressure u n i t .  
i n i t i , '  phzse o f  e x p l o i t a t i o n  c)f water-dominated rese rvo i r s  when i t  i s  
neceb3ctry t o  c o l l e c t  product ion i n f o r z a t i o n  before t h e  i n s t a l l a z i o n  o f  l a r g e r  
power p lants .  
where t h e  HSE could be used f o r  t h i s  purpose.) 
( I n  I t a l y  t h e r e  a re  new f i e l d s  a t  Latera,  Mofete and Cesano 
C. NEW ZEALAND 
A p p l i c a t i o n  o f  Model 76-1 HSE power p l a n t  f o r  general geothermal se rv i ce  
i n  N e w  Zealand w i l l  -squi re  lower p r i c i n g  and demonstrat ion o f  inproved r e l i -  
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F igu re  A - 1  
F igu re  A-2 
F igure A-3 
F igure A-4 
F i y i r c  4 - 5  
F igure A-6 
F igure A - 7  
F igure A-8 
F igure A-9 
F igure A-10 
F igure A - 1 1  
F igure A-12 
F igu re  A-13 
F igure A-14 
F igu re  A-15 
F i y u r e  A-16 
F igu re  A - 1 7  
Well Location, Cerro P r i e t o  Geothermal F i e l d  (Ref. A, Fig. 1 )  
Ne11 ComGletion and Geological In format ion o f  Well  H-11 (Ref. A, 
Fig. G.l) 
Product ion C h a r a c t e r i s t i c  Curves fo r  U e l l  #-11, Comparison Retween 
1979 and 1980 (Ref. A, F ig.  23) 
Endurance Test, D a i l y  Average Values (Kef. A, Fig. 10)  
Oownstream Test a t  3000 rprn, A l l  I n l e t  Condi t ions (Ref. A, 
Fig. 11) 
Downstream Test a t  40011 rprn, A l l  I n l e t  Condi t ions (Ref. A, 
F ig.  12) 
I tpstroarl  Test a t  3000 rpm, A l l  I n l e t  Cond 
Upstream Test a t  4000 rpm, A l l  I n l e t  Cond 
E f f e c t  o f  I n l e t  Pressure on Plachine E f f i c  
t i o n s  (Ref. A, Fig. 13) 
t i o n s  (Ref. A, F ig.  14) 
ency fo r  Oownstrealrl Test 
a t  3000 rpm, I n l e t  Q u a l i t y  10% t o  20% (Kef. A, F ig.  15 )  
E f f e c t  o f  I n l e t  Pressure on Hachive E f f i c i e n c y  f o r  Downstream Test 
a t  3000 rpm, I n l e t  Q u a l i t y  20'" t o  3Ui (Ref. A, F i y .  16) 
E f fec t  of I n l e t  Q u a l i t y  o f  Machine E f f i c i e n c y  f o r  Downstream Test 
a t  3000 rpm, I n l e t  Nominal Pressure 100 p s i a  (Ref. A, F ig .  17) 
E f fec t  o f  I n l e t  Q u a l i t y  90 r lachine E f f i c i ency  f o r  Downstream Test 
a t  3000 rpm, I n l e t  Nominal Prcssure 140 p s i a  (Ref. A, F ig.  18) 
Ef fect  o f  I n l e t  Qual i ty  on Machine E f f i c i e n c y  f o r  Downstream Test 
a t  3000 rpm, I n l e t  Nomina' Pressure 180 p s i n  (Ref. A, F ig .  19) 
E f f e c t  o f  Rotor Speed r:n !fachine E f f i c i e n c y  f o r  Downstream Test, 
A l !  I n l e t  Condi t ions (Ref. A, F ig .  20) 
E f f e c t  o f  Gotor Speed on '"chine E f f i c i e n c y  fo r  Upstream Test, A l l  
I n l e t  Condi t ions (Ref. A, F ig.  21) 
Ccmpr ison Retween Downstream and dpstream Tests a t  3000 rpm, A l l  
I n l e L  'w- ! i i ions (Ref. A, F i g  22) 
Compariscn Between Downstream 3nd IJpstream Measurements w i t h  the 
1980 C h a r a c t e r i s t i c  Curve f u r  Well M - 1 1  (Ref. A, F ig.  24) 
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Table A - 1 1  
Tahle A-12 
Chemical Composition o f  Geothermal B r i n e  from Well 4-11 (Ref. A, 
Table 3 )  
Water Chemistry of Samples Taken During t h e  HSE Test Programme 
(Ref. A, Table 2 )  
Nomenclature 
Operation and F a i l u r e  Summary (Ref. A, Table 11) 
Endurance Test D a t a  (Ref. A, Appendix C) 
Atmospheric Exhaust Pressure Test Data, 2nd and 3rd Performance 
Tests, 3000 rpm and 4000 rpm (Ref. A, Appendix 0) 
Above-Atmospheric Exhaust Pressure Test Data, 3000 rpm and 4000 
rpm (Ref. A, Appendix E) 
Above-Atmospheric Exhaust Pressure Test Data, Average V a l  lies (Ref. 
A, Table 7) 
Subatmospheric Exhaust Pressure Test D a t a  (Ref. A, Appendix F )  
Stibatmospheric Exhaust Pressure Test Data, Average Values (Ref. A, 
Tahle 8) 
Comparison Between Atmospheric and Subacmospheric Exhaust Pressure 
Tests (Ref. A, Table 9)  
Chemical Composition o f  Scale Samples (Ref. A, Table 10) 
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Figure  A-2. Well Completion and Geological Information 
o f  Well M-11 (Ref. A ,  F ig .  G.l) 
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A-19 
T a t i e  A-1 .  Chemical Composition of  Geothermal Rrine from Well M-11 
(Ref. A ,  Table 3) 
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Table A-12. Chemical Composition o f  Scale Samples (Ref. A,  Table 10) 








0.810 0.386 0.36 98.276 
0. 614 0. 130 2.20 97.062 
0.373 0. I30 0.20 99.065 
I .  435 0. 136 0.39 1 89.433 
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Table 8-1. Chemical C h a r a c t e r i s t i c s  o f  Cesano 1 S r i n e  (fief. 8, Table 1)' 
Chemical Const i tuents  p.p.rn. 
Ca 1 c i  urn 
rjtagnesi urn 
Sod i urn 
Potassi  urn 
L i t h i u m  
I ron 
Ammoni urn 
Rubidi  urn 
S t  ron t  i Jrn 
Ces i urn 
Arsenic 
Bicarbonate 
Ch lo r ide  
S u l f a t e  
H yd rogen s 11 1 f i de 
B o r i c  Acid 




3 3  ,d1111 
7 Y  ,4111) 
158 
4 . 3  
11 
2 9b 










'Nonconde?s;bi+ g 3 s ~  were about 1% o f  t h e  steady s t a t e  mass f l o w  r a t e ,  and 
consisteu GT TLre t,i,tri 39% Cd2. 
Table 8-2. Nomenclature (Ref. B, Table 2 )  
S Y MBOL MEASURED DATA 
we1 1 head pressure 
1 i q u i d  feed pressure 
HSE out1 e t  pressure 
l i q u i d  f l o w - r a t e  from separator 
l i q u i d  f l o w - r a t e  t o  HSE 
steam f l o w - r a t e  t o  HSE 
l i n e a r  t h r o t t l ?  k o s i t i o n  as percent o f  
f u l l y  ope1 
separator pressure 
steam feed pressure 
HSE i n l e t  pressure 
atmospheric pressure 
l i q u ’ d  l e v e l  i n  separator 
separator t ernpe r a t  u r  e 
steam feed temperature 
HSE i n l e t  temperature 
HSE o u t l e t  temperature 
atmospheric temperature 
yenerator vo  I t ag€  
Qenerator cu r ren t  
generator frequency 
yenerator power 
p s i  a 
p s i  a 
p s i a  
1 b / h r  
Y b/hr  
1 b/ h r  
p s i  a 
p s i  a 
p s i  a 
p s i  a 








H Z  
kW 
B-6 
Table 8-3. Chronology o i  Operat ions (Ref. B, pp. 21-25), P a r t  1 o f  4 
A. PILOT PLANT CPERATIONS 
- The i n s t a l l a t i o n  o f  t h e  C1 p i l o t  p l a n t  was f i n i s h e d  a t  t h e  end 
o f  Ju l y  1981 w i t h o u t  mounting t h e  H 9 .  
The HSE a r r i v e d  on t h e  C 1  s i t e  on J u l y  20, 1981. 
The month o f  August was used f o r  t r a i n i n g  s t a f f .  
- On Augdst 25, 1981, t h e  HSE mount ing opera t i ons  becjan. 
- On September 9, 1981 t h e  w e l l  p roduc t i on  was s t a r t e d  t o  c a r r y  
01:t p r e l i m i n a r y  t e s t s  on t h e  p l a n t .  
ope ra t i ons  t h e  we1 1 was shut  i n  because t h e  separz to r  d i scha rged  
over  t h e  p i t .  It was necessary t o  p lace  t h e  separa tor  d i scha rge  
p i p e  under t h e  water  l e v e l  i n  t h e  p i t .  
i n j e c t  sca l  i ng i n h i b i t o r  appeared broken when i t  was e x t r a c t e d  
from t h e  w e l l  . 
A f t e r  about 6 hours o f  
- The s t a i n l e s s  s t e e l  p i p e  t h a t  was lowered i n t o  t h e  w e l l  t o  
A new p i p e  was lowered i n  t h e  w e l l .  
- On September 18 t h e  w e l l  was again p u t  i n t o  p roduc t ion .  A f t e r  
about 80 hours o f  p roduc t i on  we were fo rced  t o  shut  i n  t h e  w e l l  
because t h e  smal l  p i p e  c a r r y i n g  s c a l i n g  i n h i b i t o r  i n  t h e  we1 1 
f a i l e d  i n s i d e  t h e  w e l l .  
- It was t r i o d  t o  recover  t h e  p i p e  b u t  w i t h o u t  success. The p i b e  
f e l l  i n  t h e  w e l l .  
- It was necessary t o  mount a d r i l l  r i y  and t o  proceed w i t h  
f i s h i n y  and c l e a n i n y  opera t ions .  
- The c l e a n i n g  opera t i ons  began on lU /7  and were f i n i s h e d  on 11/6. 
- The HSE hook-up and ca l  i b r a t i o n  was f i n i s h e d  on October 5th. 
B - 7  
I C J U I ~  6-J. CtironoIo9y :t upera t i ons ,  P d r t  2 o t  4 
t3. i lSE OPERATIONS 
1 - The USE began t o  run  on 11.18.1981. An a t tempt  was made t o  s t a r t  
t h e  p l a n t  w i t h  o n l y  steam coming f rom t h e  separa tor .  
q u a n t i t y  was n o t  s u f f i c i e n t  t o  m a i n t a i n  HSE ope ra t i on  because o f  
separa tor  1 i m i t a t i o n s  , and t h e  p l a n t  stopped due t o  exces r i ve  
v i b r a t i o n s  t r i p p i n g  a s a f e t y  sw i tch .  It was so decided t o  s t a r t  
u t i l i z i n g  t h e  l i q u i d  phase. 
i n i s  l a t t e r  case and an unexp la inab le  no ise .  
The steam 
Strong v i b r a t i o n s  were no ted  a l s o  i n  
2 - A f t e r  a s t o p  and a f t e r  some m o d i f i c a t i o n s  t o  t h e  p i p e l i n e s  f o r  ,'SE 
p reheat iny ,  t h e  HSE s t a r t e d  up aga in  w i t h  t h e  p l a n t  d i r e c t l y  
connected The p l a n t  stopoed aga in  due t o  damage t o  
t h e  r i g h t  f an  o f  t h e  l o a d  bank. 
i t h  t h e  w e l l ,  
3 - Between 11-19 and 11-24 a bypass was i n s t a l l e d  t o  a l l o w  downstream 
p rehea t ing  o f  HSE. 
Frcm 11-24 t o  11-26 t h e  HSE aga in  went i n t o  p roduc t i on  b o t h  
d i r e c t l y  from t h e  wel lhead and from t h e  separa tor .  
necess'ry t o  c l e a n  t h e  f f l t e r - b a s k e t  upstream from t h e  HSE, 
c logged ve ry  f a s t  due t o  s c a l i n g  p ieces  con ing  from t h e  p i p e l i n e  
upstream from t h e  HSE (see F ig .  11).  
damaged. The fan  appeared t o  have run  i n t o  t h e  screen. The male 
s h a f t  seal  assemblies e x h i b i t e d  problems. The seal  pressures,  
e s p e c i a l l y  a t  t h e  low pressure  end, o s c i l l a t e d  synchronously w i t h  
t h e  r o t a t i o n  o f  thr? r o t o r .  
showed a y l a s e r i t e  s c a l e  g rowth  o f  about 2 cm/hr. 
p a r t l y  reduced by  i n j e c - i r r g  f r e s h  water i n t o  t h e  exhaust a t  t h e  
housing exhauat p o r t .  
From 11-26 t o  12-1 t h e  va lves  o f  t h e  p l a n t  were cleaned and t h e  fan  
o f  l o a d  bank replaced. 
A new s t a r t - u p  was e f f e c t e d  on 12-1 t o  v e r i f y  t h e  sea ls  damage and 
t o  t r y  t o  connect t h e  genera tor  w i t h  t h e  g r i d .  The HSE was 
connected w i t h  t h e  g r i d  w i t h o u t  t r o u b l e  f rom 8 pm t o  22 pm. 
An excess ive  o i l  consumption ( > l o  g a l / h r )  was noted. At 1 am t h e  
HSE was stopped t o  v e r i f y  t h e  sea ls  damage. 
damaged seal  assembly r cved led  5 o u t  o f  15 carbon seyments were 
cracked. 
The r i g h t  f a n  was d ismant led  and repa i red .  
4 - 
Many stops were 
The lo;: bank 's  r i g h t  f an  was 
Th is  
The exhaust p o r t  and exhaust p i p e  
The problem was 
5 - 
6 - 
7 - From 12-2 t o  12-25 t h e  sea ls  were dismant led.  "Kernoval o f  a 
R -8 
Table 3-3. Chronology o f  Operat ions,  P a r t  3 o f  4 
The 5 cracked carbons were a l l  f r a c t u r e d  i d e n t i c a l l y  i n  t h e  m idd le  
o f  t h e  carbon segment w i t h  t h e  f r a c t u r e  o r i g i n a t i n g  a t  a l o c k i n g  
p i n .  Accord ing t o  K. Sprank le ' s  o p i n i o n ,  " t h e  cause o f  t h e  
f r a c t u r e  appears t o  be c l e a r l y  r e l a t e d  t o  t h e  impacts  on t h e  r o t o r  
f rom l a r y e - s c a l e  fragments. The consensus i s  t h a t  t h e  impact  o f  
t h e  r o t o r  causes t h e  s h a f t  t o  move a b r u p t l y ,  f r a c t u r i n g  t h e  
m i d s e c t i o n  O i  t h e  carbon." 
sea ls  by  u t i l i z i n g  t h e  e x i s t i n g  spare seal  assemblies. The r e p a i r  
i nvo l ved  a change i q  t h e  l o c k i n g  p i n s  t o  reduce s t r e s s  on t h e  
carbon segments and t o  p r o v i d e  a secondary p o r t  i n  t h e  seal  
dc,sembly a l l o w i n y  t h e  r e c z p t u r e  o f  any o i l  leakage should t h e  
carbons f a i l .  
It was hence dec ided t o  repa i r .  t h e  
8 - Froni 12-15 t o  2-22-1982, t h e  va lves ,  separa tors ,  and p i p e l i n e s  were 
cleaned. A ned basket  f i l t e r  was des igned and i n s t a l l e d  upstrean1 
from t h e  HSE i n  o r d e r  t o  avo id  t h e  many s tops  due t o  t h c  basket  
c logg ing .  
Mr. Sprank le ' s  sugyestion;. The d a t a  a c q u i s i t i o n  system was 
repa i  r e d  f rom damage caused by a r a t .  
we1 1 head and t h e  HSE was i n s t a l  l ed .  
The s e a l s  were m o d i f i e d  i n  t h e  USA accord ing  t o  
A new p i  pe l  i ne between t h e  
9 - From 2-22 t o  3-10, t h e  r e p a i r e d  s e a l s  a r r i v e d  and werc .,ounted on 
t h e  HSE. 
10 - From 3-10 t o  3-12, t h e  HSL was pu t  i n t o  p roduc t i on .  A t  5 pm oi l  
3-10 t h e  HSE was connected t o  t h e  ENEL e l e c t r i c a l  g r i d .  The 
niaxilnum power produced w i  t h t h e  separa tors  work ing  i n para1 1 e l  was 
about 460 kW. Dur ing  t h e  p r o d u c t i o n  t h e  w e l l  beyan t o  c log .  
No tw i ths tand ing  t h e  f l u s i t i n g  o f  t h e  exhaust  p i+e ,  i t  a l s o  began t o  
c l o g .  A t  12 pm on 3-12 t h e  w e l l  was shut  i n  because o f  w e l l  
c l 2 y g i  ng . 
11 - From 3-12 t o  3-23, t n e  w e l l  was c leaned and t h e  HSE d i scha rge  p i p e  
was c leaned.  Some i n j e c t i o n  t e s t s  on t h e  w e l l  were c a r r i e d  o u t  t o  
v e r i t y  i t s  c o n d i t i o n .  
1 2  - 3-23 :  The HSE began p r o d u c t i o n  aga in  and t h e  genera to r  was 
connected t o  t h e  y r i d .  
r ioted f rom 1 t o  1.2 bar .  
r e d u c t i o n  and t h e  s t i f f e n i n g  o f  t h e  f l e x  c o u p l i n g  mounted 
downstream t h e  HSE. 
A s t e a d i l y  i nc rease  i n  o u t l e t  p ressure  was 
The c l o g g i n g  caused b o t h  a power 
I t  was dec ided t o  s top  t h e  expander and t o  c lean  aga in  t h e  
d i shca rge  p ipe .  
cm were found (see F igs .  12, 13) .  
P ieces o f  s c a l i n y  o f  a t h i ckness  o f  more than  10 
B-9 
Table 8 - 3 .  Ll i ronology o f  Operat ions,  P a r t  4 o f  4 
13  - 3-24: The HSE was aga in  i n  opera t ion .  It was t r i e d  t o  connect t h e  
HSE t o  t h e  ENEL y r i d .  
t h e  shear c o u p l i n g  f a i l e u .  
Because o f  t h i s  o p e r a t i o n  t h e  shear p i n s  i r !  
14 - From 3-24 t o  3-30, new shear p i n s  f o r  t h e  shear c o u p l i n 9  were 
cons t ruc ted  i n  t h e  ENEL workshop o f  Lardet’?l lo  and aga in  mounted on 
t h e  HSE. 
15  - From 30-3 t o  31-3, t h e  HSE was aga in  connected t o  t h e  we l lhead t o  
de termine what t h e  maximum p r o d u c i b l e  power f rom C 1  w e l l  was. 
The maximum power was 550 KW. The l o a d  was reduced and t h e  p l d n t  
was opera ted  w i t h  t h e  two cyclones. The d i scha rge  p ressu re  
inc reased s t e a d i l y  and i t  was necessary t o  s t o p  aga’n avd t c  c l e a n  
exhaust p ipe .  
16 - 4-1: The HSE was aya in  p u t  i n t o  o p e r a t i o n  t o  determine t h e  maximum 
p r o d u c i b l e  power f r o p  t h e  l i q u i d  phase. 
reached w i t h o u t  1 i q u i d  er l t ra inment f rom separa tors .  
260 kW Wac t h e  power 
A l l  t h e  o b j e c t i v e s  o f  t h e  HSE t e s t s  were cons idered reached and t h e  
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Table 8 - 5 .  Cesano Test Results (Ref. t!, Table 4 )  
L 
Q1 
(in le t  steam eff.% thr.% RYs rf 
quality) p1 p2 
Kw I POINT (f i les )  
1 (1 75 27) 128 168 171,3 14,86 0 so 30,7 7 167 9,79 
2 (29251) 139 220 170,7 14,70 0 9 0  30,85 8 178 9,61 
3 (52 i 72) 1 3 8 , ~  219 166,s 14,6 196 38,3 22 178 11,95 
4173I83) 106,4 168 165,9 14,7 0 9 0  27,6 7 145 9,25 
5(85+108) 201 317 165,9 14,8 2 9 0  39,9 31 241 1 1 , l l  




7(135+161) 216,s 282,6 128,4 14,? 2 ,7  45,s 4, 257 11,91 
8 (4+19j 433 531 1W,2 15,9 3 9 0  45,4 SO 477 9,89 
9(2i+47) 341 657 157,i 15,9 391 
10( 49 :68) 408 604 160,l 15,8 2 98 
li (84186) 302 454 160,3 16,7 2 , 7  
0 90 
-- i- 
12(53+13’;: 185 267 174,C 14,9 I 
E-26 
3 5 , l  1 86 486 9,73 
44,’ 77 152 9,93 
36 ,S 75 344 8,79 
136,2 8 225 10,39 
I 
I - 
13(109+118) 173 230 
14(119+139) 150 216 
176,l 14,8 c! s o  35,s I 7 213 10,43 
177,8 14,9 0 so 35,9 6 189 11,oO 
- 
16(?93+178) 190 I 267 177,6 
17(199+222) 196 243 151,O 
18(234+250) 321 405 158,l - 
1 . -- 
I 
14,9 I 0,O 36,2 7 230 10,35 
14,8 0 s o  33,s 16 236 9,21 
14,9 383 44,4 I 53 363 10,71 
-- 
I 
Table 6-6. Data Correlation Functions (Ref. 1, pp. 7-22 t o  7-24) 
The data co:relation functiocs are as follows: 
= -21.36 + 10.25 I n  kWs - O.O72[abs(kWs - 520)]006 f W  
gp = 1 - 0.019 (@ ‘r 1 - 15) 
+ O.O004(Ql - 28) ‘Q 
where 
kWs = shaft output power; 
;‘I = i n l e t  pressure; 
P2 = outlet pressure; 
and 
Q1 = i n l e t  qual i ty  
so that  experimental eff iciency Q = fWgpgQ, within the va l id i ty  l i m i t s  













Broadlanus Well BR 19 Output Test. (Ref. C, Appendix A)  
Broadlands Well BR 19 Casing and Geological Information 
(Ref. C, Appendix A) 
Tabulated Variables, Performance Data, and Graphs 
(Ref. C, Figs. B.l through B.17) 
Broadlands Well BR 19 F l u i d  Chemistry (Ref. C, Appendix A) 
Variables Logged by the Data Acquis i t ion System 
(Ref. C, Appendix D) 
Transducers (Ref. C, Appendix D) 





Performance Calculat ion Procedure (Ref. C, Appendix C) 
Variable L i s t  (Ref. C, Appendix B) 
Performance Test Results (Ref. C, Appendijc B) 
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Figure C-2. Broadlanas Well BR 19 Casing and Geothermal Informat ion 
(Ref. C, Appendix A )  
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Table C-1. Broadlands Well BR 19 F lu id  Chemistry--Samples Taken 
During the HSE Test Program (Ref. C, Appendix A) 
WATER SAMPLES 
Date Col1 ected 24!10/82 
Type * EWB 
W.H.P. (Bar g) 27 
Sep. Pressure (Bar) 11 
Col 1 ect i on Pressure ( Bar 9) 1 
PH 8.91 
L i  11.99 
Na 971 








































































* EWB = HSE Exhaust Weir Box 
BWB = Bypass Weir Box 
WHS = Wellhead Separator 
WEB = Webre Separator ( Sampl i ng) 
STEAM SAMPLES 
Date Collected 21/10/82 3/3/83 3/3/83 28/4/83 
W.H.P. (B) 27 35 35 33 
Sampl i ng Point Pressure - 12.7 12.8 12.6 
Sampl i ng Pressure - 12.6 12.8 12.0 
802 862 902 1108 
16.2 17.8 17.9 19.7 - - - 48.6 
CO moles/100 moles 
H 5 [mnoles/100 moles 
N& (mg/ l i t )  
c -21 
Table C-2. Variables Logged by the  Data Acqu is i t ion  System 
(Ref. C, Appendix D), Par t  1 o f  2 
VARIABLE 
We1 1 head Pressure 
Steam O r i f i c e  Upstream 
Press*.re 
Steam O r i f i c e  D i f f e r e n t i a l  
Pressure 
Steam Temperature 
L iqu id  Or i f i ce  Pressure 
L iqu id  O r i f i c e  
D i f f e r e n t i a l  Pressure 
L iqu id  Mixing Point  
Pressure 
L iqu id  Mixing Point  
Temperature 
Plant I n l e t  Pressure 
Plant I n l e t  Temperature 
Plant Exhaust Pressure 
Plant Exhaust Temperature 
Ambient Temperature 
Atmospheric Pressure 













P f  
T f  
P 1  




















ps i  a 
deg F 






v o l t s  
amps 
her tz  
























Table C-2. VaAables Logged ~y t h e  Data A c q u i s i t i o n  System, 





A1 t e r n a t o r  Bearing 
Temperatures 








a l t  b r g  
a l t  wdg 
Thrust Bearing Forces 
\Sensors Fau l ty )  
Computer Reference Voltage Vre f 

































Table C-3. Transducers (Ref. :, Appendix 0 )  , Par t  1 o f  2 
VAR I ABL E 
( 1 )  PRESSURE 
We1 1 head 
Steam O r i f i c e  
Steam O r i f i c e  
D i  f f e r e n t i  a1 
L i q u i d  O r i f i c e  
L i q u i d  O r i f i c e  
Di f f e r e - t i  a1 
L i q u i d  Mix ing 
P o i n t  
P lan t  I n l e t  




( 2 )  TEMPERATURE 
P l a n t  I n l e t  
P lan t  Exhaust 







P f  





MAKE RANGE s/ r: 
Gould 0 t o  600 15001 
PA- 1000- 1000- 15 ps i  a 
Rosemount 0 t o  300 6406 1 
115-1GP8E22MB p s i  a 
Rosemount 0 t c  150 89377 
115-1DP5E22MB inches HzO 
Goul d 0 t o  300 121P2A 
PG1000-1000-11 Psi9 
Ro semoun t 0 t o  150 90722 
115-1DP4E22MB inches H20 95286 
Goul d 0 t o  300 15000 
PA-1000-1000-15 ps ia  
Rosemount 0 t o  300 64062 
115-1GP8E22MB Psig 
Goul d 0 t o  54 15002 
P A1000-0200- 15 p s i a  
Goul d 0 t o  50 15004 
“’A1000-OO5G- 15 p s i a  
Ror.emount 0 t o  150 89379 












Resistance Thermometer Detectors 
Plat inum 1 O U  ohm a t  0 deg C 
T 1  267 t o  413 91  41 
T2 54 t o  243 94 35 





Table C-3. Transducers (Ref. C, Appendix D) , Part  2 o f  2 
CALIBRATED 
VARIABLE SYMBOL MAKE RAhGE S I N  3 
Water Line T f  266 t o  412 88 40 
deg F 
Ambient Ta 99 28 
( 3 )  ELECTRICAL - S c i e n t i f i c  Columbus Instruments 
Voltage V VT100A2 120 v o l t s  30 
Anperage I CT-5 10A2 
K i  1 owat t s Kbl DL31K5A2-2 0 - 3333.33 33 
D ig i l og i c  Model 5 watts 
50 hz 
Frequency t req Excel t ron ic  6281-B 45 - 55 32 
( 4 )  OTHER 
Th ro t t l e  trt Bourns 5184 0 t o  100% 
Linear pos i t  i o n  
6 
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Completion o f  the construct ion o f  t he  p ipe l ines up t o  the 
anchors a t  the i n l e t  and exhaust o f  t he  HSE. 
Fisher Vee 100 B a l l  Valve and Fisher 4195B pressure c o n t r o l l e r  
tests .  Well discharging t o  waste. 
Safety valve d i  sc harge check. F u l l  steam f 1 ow d i  sc haryed 
through the  safety  valves. 
SEPTEMBER 1982 
HSE and load bank were del ivered t o  s i t e  i n  a nine foo t  s i x  
high, f o r t y  foot  long container. 
20 foo t  container w i t h  o i l  console and a n c i l l a r y  components 
de l ivered t o  s i te .  
Technical Specia l is ts ,  Messrs. R. McKay and R. Sprankle, 
a r r i ved  on s i t e .  Data van del ivered t o  s i t e .  
HSE posi t ioned i n  the she l te r  bu i ld ing.  
S i t e  preparation continues. 
Completion of e l e c t r i c a l  wiring. 
Testing o f  computer equipment. 
One computer and one p r i n t e r  required repa i r  by Hewlett-Pdckard. 
S ta r t  o f  the instrument ca l  i bra t  ion. 
OCTOBER 1982 
Computer programme modi f icat ions undertaken t o  s u i t  the 
Broadlands BR 19 s i t e .  
The load bdnk power cablzs were connected t o  HSE. 
The instruments were i n s t a l l e d  on the  process p ipe l ines and the 
power p lant .  
Instrument Gal i b r a t i o n  completed. 
c-26 
















HSE rim for  the  f i r s t  t ime on geothermal f l u i d  i n  New Zealand. 
Faul ty  load bank re lays replaced. 
S ta r t  o f  3333 rpm performance t e s t s  
Rotcr inspect ion - no scale deposits evident. 
ro to rs  and housing. 
I ron  sulphide on 
NOVEMBER 1982 
I E A  executive committee meetings he?d a t  MWD o f f i ces ,  Wairakei. 
Voltage regulator  i n s t a b i l i t y  observed. 
3333 rpm t e s t i n y  terminated, await ing a replacement vol tage 
regu 1 a t  o r  
2500 rpm gear set  ins ta l led .  
Replacement vol tage regulator  ins ta l led .  
DECEMBER 1982 
S ta r t  of 2500 rpm performance tests .  
2500 rpm tes ts  completed. 
FEBRUA9Y 1983. 
S ta r t  o f  the  endurance t e s t  preparations. 
Completion o f  t e s t  preparations including: 
(a )  Male low pressure seal replacement 
( b )  3333 rpm gearset r e i n s t a l l e d  
( c )  Diatomite water f i l t r a t i o n  p lan t  i n s t a l l e d  
S t a r t  o f  endurance test .  
I n te rm i t ten t  f a u l t  i n  instrument power supply t o  high prec is ion 
RTD temperature probes. 
C-27 












Fau l t  i n  automatic shut down c i r c u i t r y ,  shut down the  p lan t  f o r  
1 hour. 
RTD power w p p l  y rgp l  aced. 
A W I L  1983 
Automatic grease system fa i led .  
Fa i lu re  o f  t he  o i l  neter ing pumps. 
MAY 1983 
Endurance t e s t  terminated due t o  excessive o i l  loss  across the  
shaf t  seals . 
Separator p lan t  dismantled and returned t o  NZEO Wairakei. 
Exhaust bend and bel 1 ows removed f o r  HSE ro to r  i nspert.1 on. 
JUNE 1983 
The HSE and the  load bank were packed i n t o  the  la rge  re-tainer, 
The data van and the  two containers were transported tu 
Auckland i n  preparation f o r  shipping t o  the  USA. 
C-28 
Table C-5. Performance Calcu lat ion Procedure (Ref. C, Appendix C) 
Part 1 of 2 
The computer programme t o  ca lcu la te  t h e  isent rop ic  e f f i c i ency  o f  the  HSE was 
based on the  programne used dur ing the  Utah tests. Refer t o  reference ( 3 )  
f o r  more de ta i led  information than i s  contained i n  t h i s  appendix. 
Minor changzs were made t o  t h e  programme f o r  t he  New Zealand tests. 
were : 
There 
I:) The f low r a t e  ca lcu lat ions f o r  t he  steam and water o r i f i c e  
p la tes  were modif ied t o  conform t o  the  B r i t i s h  Standard, BS 1042 
P a r t  1. 
(2) The a l te rna tor  power loss  equation was modif ied f o r  50-Hz 
operation . 
(3' The equation f o r  t he  3000 rpm (60 Hz) gear set was used t o  
compute t h e  gearbox power loss. 
data supplied by the  Philadelphia Gear Corporation who 
manufactured the  gearbox ( r e f e r  reference (1) p 6-3). 
This equation was derived from 
A v e r j  b r i c f  ou t l i ne  o f  t he  ca lcu la t ion  procedure and equations relevant t o  
t h e  New Zealand t e s t  s i t e  are de ta i led  below. 
CALCULATION PROCEDURE 
( ? )  f l ow  ra tes  computed t o  BS 1042 p t  1, 1964 
O r i f i c e  p l a t e  diameters: (d )  
Steam 5 :!i", 4.9.55", 4.396" 
Uater 4.396", 2.8263", 2.069" 
P i  pe D i  ameter (0) 
Steam 7.990" 
Water 7 981" 
F1 ow ra: F! equat ian : 
W = 359.2 CZeE(d)Zfi ( l b s / h r )  
eqtn ( 7 ) ,  page 23, BS 1042 p t  1, 1964 
' ! The enthalpy of f l u i d  f lowing i n t o  the p lan t  was determined 
using meastired temperatures and pressures t o  access the  steam 
tab les programmed i n  the  computer. 
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Table C-5. Performance Calcu lat ion Procedure P a r t  2 of 2 
( 3 )  The q u a l i t y  o f  t he  f l u i d  enter ing the p lan t  i s  ca lcu lated from 
the  known enthalpy ar.d the measured f l u i d  condit ions a t  the  
p lan t  i n l e t  (Pl).  
( 4 )  Compute the  Shaft Power Output 
E l e c t r i c a l  Power generated i s  measured (KW) 
Amperage i s  measured ( I )  
A1 te rna tor  Power Loss Equation : 
a = 22.854 + 5.28 x 
This equat on derived by R. McKay f o r  50-Hz operat 
Gearbox Power Loss Equation: 
b = 8.559 + 6.975 x (a + KhJ)/1000 
Refer t o  reference (1) p 6-3 f o r  more d e t a i l s  
Shaft Power (KWM): 
KWM = KW + a + b 
+ .00412 
on 
(5) Isent rop ic  e f f i c i ency  calculat ion. Refer t o  the Utah computer 
programme ( 3 )  fo r  de ta i l s .  
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Table C-6. Variable L i s t  (Ref. C, Appendix B) 
VARIABLE 
Plant I n l e t  Pressure 
Plant I n l e t  Temperature 
I n l e t  F l u i d  Q u a l i t y  
I n l e t  Enthalpy 
Mass Flow Rate 
Exhaust Pressure 
Exhaust Temperature 
Th ro t t l e  Opening 
E l e c t r i c  Power Output 
Shaft  Power Output 
Frequency 
1 sentropic Ef f ic iency 
Data Cassette Number 
Oata Cassette Track 
Data F i l e  
SYMBOL 
P 1  
T l  
Q1 
H 
M 1  
P2 
T2 




E f f  
DC 
t rk  
f i l e  
UNITS 
ps i  a 
deg F 
x 
b t u / l  b 
k lbs/hr  








Table C-7. Performance Test Results (Ref. C, Appendix B ) ,  
Part 1 of 10 
IwLn PRESSURE (Psia) 110 II(LR PuftlIlY (2) 100 RPh 3333 
Dote fine P i  11 01 H H i  P2 12 Tr KYC KMH Freq Eff #: t r b  f i l e  
psi0 aF 2 b t d l b  k l b h  psi0 6 'I b 2 
28/11/82 13:@9:12 99.6 327.6 100.1 1187.9 15.9 14.2 2l1!1 19 111.3 14.3 499.9 21.6 1 1 168 
27/11/02 11:Sl:48 110.1 327.1 101.1 Li87.9 18.4 14.1 289.3 26 1%.4 229.7 St.) 29.7 1 1 277 
28/11/82 13:1:08 111.1 327.0 100.1 1188.2 19.3 14.2 219.8 27 197.1 231.4 9.1 28.7 1 1 179 
2W11/82 14:#:33 98.S 325.6 110.1 1188.2 21.1 14.2 2W.8 34 254.1 289.5 49.9 33.1 1 1 198 
W/IU82 12:13:42 98.8 326.0 100.1 1187.9 21.7 14.1 219.2 33 259.6 295.1 9.1 34.1 1 1 4 
27/18/82 12:41:28 102.6 EO.3 100.1 1188.9 23.6 14.1 249.3 4 342.1 379.1 49.8 37.8 1 1 25 
28/11/82 i4:40*19 102,s 327.9 110.2 1189.1 24.4 i4.2 289.8 43 343.4 389.4 9.1 36.8 1 1 21i 
28/11/82 15:#:4? 160.7 326.4 109.2 ll89.R 26.3 14.2 219.8 56 398.0 436.2 50.1 39.6 1 i 2i2 
27/1R/a2 13:00:2b 100.2 325.8 1t9.2 111.6  27.3 i4.1 219.2 78 448.6 487.4 SS.i 42,5 i : 3 
27/11/82 13:iB:t6 9J.C 3 3 . 5  t:C 2 i15.i 26.6 14.1 269.2 F t  4 b . C  525.7 59 6 43.6 1 i 4- 
INLET P?ESSWE !PSIS! i8C INLET PJCtiITY ( X I  100 RPW 3333 
Dare Tins F i  T i  61 n Ill P2 T2 lr KL KYn freq Eff IC trh f r i t  
p s ~ a  OF Z b t o l l b  LlbA psi0 OF Z Hz I 
27/18/82 16:32:23 179,s 371,b 100,l li97,4 33.5 14.0 299.0 27 611.0 653,s 50.0 36.0 1 1 135 
27/10/82 17:lO:Sl 180,2 371.6 100, i  1197.6 38,s 14.1 218.8 36 758.6 814.8 51.1 38,s 1 i 157 
miem i6:si:og 181.6 3 2 . 6  100.i 1197.6 36.3 ii,i 219.1 31 6 9 s ~  m e  so,i SI.S i i 146 
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Table C-7. Performance Test Results, Part 2 o f  10 
Dote Tia P1 11 fli H ni P2 D k K l k  Iyn Freq Eff Oe trk f i l e  
psi0 OF 2 b v . b  klbh psia OF 2 H t x  
)2/1!/82 12:23:47 1I0.7 327.4 53.1 769.8 31.4 14.3 UI.6 3i 106.5 e31.9 9.1  3 . 4  1 1 27d 
12/11/82 i2:47:28 99.4 325.8 49.5 Y3B.1 38.8 14.3 211.5 45 283.9 U9.6 50.0 37.5 2 I 14 
02/11/02 14:83:41 99.4 325.5 51.9 759.3 41.2 143 218.5 !i7 348.3 585.3 50.8 40.8 2 I 47 
D2/ii/B2 14:23:37 110.4 325.4 49.6 739.1 48.6 14,3 2t0.9 03 431.5 470.2 150.1 43.8 2 I 58 
c-33 
Table C-7. Performance rest Results, Part 3 of 10 
:"'El PRESSURE (Psia) 100 IIcLn WIlY (XI 25 RPH 3333 
Date Tim P1 11 01 H Hi P2 12 lr KYe KMfl Freq Eff DC trk file 
psia OF Z b t d l b  LlbA psi0 d I: L X  
WlN2 li:S2:87 100.6 327.2 8.7 526.9 53.5 i4.4 Zl1.8 38 196.6 231.1 49.9 33.7 1 1 267 
Wli/82 i3:21:27 99.3 m.5 23.6 518.8 66.6 14.4 211.8 5b 279.5 31S.3 CP.9 39.7 2 0 25 
02/11/82 13:40:10 98.6 324.5 26.5 553.0 69.8 14.4 211.9 72 347.3 384.3 49.9 42.5 2 0 3b 
IWLET PRESSURE (Psi01 140 IwLn QUALITY (2) 25 UPH 3333 
Date Tiw P i  11 01 H Hi P2 72 Tr Ilk KUN Freq Eff DC trk f i ie  
psi0 DF X btu/lb k l b h  psi0 rF 2 Hz 2 
08/11/82 13:52:18 139.1 35i.P 24.8 539.9 52.5 14.3 210.6 21 198.9 233.5 49.9 29.3 2 0 I S  
08/11/92 14:24:R 130.6 35i.4 253 543.8 60,6 14.2 216.6 28 238.7 316,b 49.9 3 4 . 0  2 E !2; 
b8iil/E 14:4i:3il i4C.b 52.1 25.9 550.1 67.5 14,3 210.7 34 359.8 397.3 56.1 37,4 2 0 :3:. 
08/11/62 iS:Bt:lJ 136.9 35C.C 24 4 530.3 01.4 14,3 210.8 47 456.3 495.3 49.9 4C.1 f D ik. 
08/1i/aZ 15:26:15 137.4 359 3 2S.? 547.5 07.7 14.4 210.8 50 539,O 579.8 50.1 42.0 2 E 1:- 
08/11/82 15:53:Ca 14t.4 358.; 25,s 546.6 95.: 14,4 21C.9 73 618 7 661.2 4i .9  44.2 2 b 1: 
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Table C-7. Performance Test Results, Part 4 of 10 
IWLET PRESSURE (Puo) 100 INLET WuriITY C X )  10 Apt! 3333 
Date T u e  P1 11 Qt H Hi P2 12 Tr Kk KYn Freq E l f  M: trI 
prio cf 2 b t d l b  klbh psi0 OF I Hr I 
iviim i i : 3 7 : ~  99.4 325.9 io,i 3m.s 9e.s 14.4 2 i 1 ~  SI 2 e s . 1 2 3 9 ~  49.9 36.3 2 1 
10/11/82 11:%:41 108.1 325.6 1 0 a l  388.6 115.7 14,4 2l1.1 68 282.6 38.4 50.1 40,7 2 1 






f r r d  
4 7:  
& ' i 
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Table  C-7. Performance l e s t  Results,  Par t  5 of 10 
INLET PRESS9RE (Psio) 10G INLET Q;I&ITY ( X I  li RPH 3333 
Date Tine P1 Ti Pi H Hi F2 12 Tr KMe KW Freq E f f  Dc irk file 
psia 5 2 b t d l b  k l b h  psio OF X Hz 2 
21/11/02 12:8:23 102,3 328,7 0.0 299.3 174,3 14,3 211.1 14 113.6 146.7 49.8 29,2 1 I 14 
21/11/82 13:%:A 101.4 328.7 0.1 301,S 235.1 14.S 21ie3 41 199.5 233.8 50.1 34.3 1 I 25 
20/10/82 14:14:32 99.1 325.6 0.4 301,s 304.6 14.8 212A 84 273,1 388.6 50,O 35,O 1 0 36 
INLET PRESSURE (Psio) 140 IKET QUALITY (XI 0 #PN 3333 
INLET PRESSJFE i p s l a )  !81 INLET QiIALITr ( X i  G RPtI 3333 
INLET WESSJRE ( P s ~ Q )  226 INLET QUALITY (1) I RPk 3333 
Dote Tine P1 Ti pi H Ill P2 12 Tr KL KMH Freq E f f  DC trk f i l e  
psi0 tF 2 bto/lb klb/h psi0 OF 2 Hz 2 
26/10/82 13:14:12 220,9 389.8 0 , O  364.6 301.9 15,2 214.5 28 676d 720.8 51,O 38,3 1 0 222 
26/11/92 13:26:94 220.0 389,4 1,l 3Mt7 314,3 153 214,7 33 710,l 755.2 50,O 3BA 1 0 243 
26/11/82 i3:26:59 229.0 389,4 t a l  364.7 315,1 iS.3 21k7 33 '119.8 754.0 59.1 38,s i @ 244 
26/11/82 13:50:59 218,9 388.9 0.2 365.0 339,6 15,s 215.9 40 755,l 801.4 50,) 38,i 1 0 265 
26/10/a2 i3:~:i7 2 1 0 ~  388.11 0.2 M A  3 3 8 ~  15.5 215.9 40 7 5 5 ~  8 0 ~ 6  so,o 3 9 ~  1 o 266 
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Table C-7. Performance Test Results, Part 6 of 10 
INK, PRESSURE (Psio) 1OG IWT OUALITV ( X )  180 RPW 2503 
INLET PRESSURE (Psio) 140 IlAn IWITY ( X I  110 RPI) 2598 
Bctc Tih i  f i  11 8; H H i  P2 12 Tr Yhe NUN freq Eff  DC tri + L i e  
10/12/82 13:55:39 141.0 353.2 iGE,U 1193 5 lS,1 14,2 211.1 14 202,l 23b.S 49,8 25.4 3 1 163 
10/1"42 13:42:5i i39.5 352,6 i0C.i 1193,4 ?1,5 14,2 2ii.1 25 20bz9 323,O 49.9 29.6 3 1 it: 
lO/lti62 13:30:15 136 ? 3 P . 5  1IB 1 1193,4 2 4 2  i4,2 21i,O 23 334.7 371,6 49,6 31.5 3 1 fa:" 
1CliPp'82 G;i::Zc ~39.8 3iI.C it: i ir?3 6 2C.S i 4  i 2ib,9 38 453,i 452,4 49,B 53,i. 3 : :*; 
13/iE/82 13:59:29 139,7 35i.C iOC.1 1193Bb 25.1 i 4 , 1  2iD,4 34 454e2 493,b 49.7 34,7 4 b i 5  
13/12/82 14:19:15 13&5 351.0 lE3,: 1193'6 32,3 14.1 210.2 48 536d 517.9 4F,8 36.6 4 b 25 
i3/12/82 i4;4;:4f 139.2 350.9 1te.i 1195*9 35.5 15.2 210.1 73 626,2 669.4 49,8 38#? 4 6 36 
psi0 OF X b?m;lb kiblh psia OF X nz z 
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Table  C-7. Performance Test  Results,  Par t  7 of  10 
INLET PRESSURE itsioj 100 INLET QUALITY ( X )  SO RPh 5 0 0  
Dote Tine P i  11 41 H 1 P2 I2 fr KYC WIM Freq Eff DC trl + ' 
psi0 OF X bto/lb tlb/h psi; OF 2 HZ 2 
09/12/82 13:04:ZS W.i 326J S1.i 751.8 36,3 i4.3 211.5 46 280.3 3ib.2 5102 38,7 3 C 270 
09/12/82 12:42:33 1 1 0 0 2  52701 50,s 747.1 30.3 I402 21i.5 29 19's.b 22901 499.9 3 3 0 7  3 8 267 
09/12/02 13:42:26 9809 325,3 49.3 736.3 41.6 14.4 2l1.S 68 34116 m a 9  SOe1 4 i J  3 1 i n  
IW PRESSURE ( P s i 0 1  140 IWLn QurwIlY (2) SO RPN 2511 
Date Tine P i  11 Qi H 1 P2 12 Tr KUe KYn Freq E f f  DC trk f i l e  
psi0 OF X btr/lb k l b h  psi0 OF X H i  X 
09/12/82 14:29:24 130.0 3S2,2 49.9 75?,7 31.0 i4,3 211,4 i b  198,3 232,9 49,7 28,b 3 1 3t 
09/12/82 14:14:0. :39,2 352,O S i s i  768,G 30,i 14.2 211,4 22 217.9 313.9 4F08 32.4 3 i Z 
09/12/82 14:45:41 143,3 355.i 5C C 7b6.7 4G.C 14.3 211,4 20 33?,8 377.1 S0,3 35,¶ 5 i 4: 
09/12/82 15:45:01 137 7 33.4 5 b . i  7 V . t  43.1 14,3 211.6 43 457.7 497,i 49,7 37.4 j I St 
iO/12/02 09:97:27 145,1 3 S : h  49.0 753.4 5 4 1  14.2 211~7 S7 S3&5 579,9 50.2 4i.i 3 i b: 
10/12/8,2 G3:28:43 139.6 3 3  C S i , ;  7h.i 5:,3 14,2 Zi1.7 75 69&,2 b49,1 49,6 Si,; 3 I i. 
C-38 
Tabl? C-7. Performance Test Results, Part 8 of 10 
Date TIM P i  Ti 19 H Hi P2 12 Tr Kk Iyn Freq Eff DE trk f i l e  
psi0 OF Z btu/Ab k l b h  pria OF Z Hz 2 
07/12/82 5597:s 101.8 327.3 8 . 9  529,6 50.2 14.2 2i0.2 34 197.0 23i.6 9 . 6  35.4 3 t 9 
07/12/82 12:02#39 99.7 3 2 5 4  25.2 522.3 65.6 54.2 210.4 !i4 270.9 34.9 21.1 11.4 3 0 YO 
07/12/82 12:26:Ob 99.9 325.1 25.2 522.6 70.2.54.2 2i0.4 77 348.9 318.1 49.9 42.6 3 I 81 
c-39 
Table C-7. Perfcrmance Test Results, Part 9 of 10 
Dote l ine P i  11 Qi H N l  P2 l2 lr Kk IYI FtCg Eff #: trk file 
psia OF X b t d l b  tlbh psia OF 2 H 2 f  
13/12/02 i1:S5:48 l0l.i 326.2 10.1 m.4 89.9 14e3 218.5 44 203.9 238,s 9 . 2  39.2 2 1 190 
13/12/82 11:26:)6 101.3 525.5 9,7 385.9 il2.1 14.3 2i1.6 66 282.2 W . 2  9 . 2  42.4 2 i 211 
15/12/82 11:9:34 1OO.Q 325.0 18.1 307.8 523.4 14.3 218.7 81 317.8 554.5 19.8 &?A 2 i 212 
Dote lime PI Ti 41 H N l  P2 T2 It Ilk KUH Freq Eff Dc trk f i l e  
psia OF 1 b W l b  Llbh psia OF 2 Hz 2 
03i12182 i2:CQ:SQ 14G.3 S2.C i B t B  118.5 96.7 i i . 2  210,4 30 279.6 315.8 49.9 36.4 2 1 23:. 
03/12/82 13:58:?0 145.2 33.6 ii .; 412.6 115.3 14.3 218.6 41 3 S . 3  396.9 4?.9 3F.2 2 i 3; 
-r:  6 3 1 2 4 2  13:48:G i X . 2  3 5 C . p  5 . 5  489.7 126.2 14.3 216.8 56 44i,4 486.6 49.8 41.6 2 1 ;J. 
C3/12'82 19:I:.5i I3SC.3 iC,i 412.5 159.9 14.b 211.3 7b 530.5 S71#7 56.1 41.6 2 : ht 
C-40 
Table  C-7. Performance Test Results,  Par t  10 of 10 
INLET PRESSURE (Psia) 100 IMT f f l I T Y  i X )  8 IPII 2501 
k t c  Tine P i  T i  Bi H M P2 T2 Tr Kk IM Freq Eff Dc tPk f i l e  
psi0 8F I b t d l b  blbh psi0 OF Z Hrt 
IYW02 09:16:29 98.6 326.1 0.1 297.4 iS1.0 $403 212.0 I0 113.2 14.6 9 . 0  34.7 4 0 $82 
14/12/82 09:36:83 90.9 327.0 0.1 m.6 312.1 14.S 212.4 33 201.3 2344 9 . 2  39.2 4 I 1W 
14/12/82 09:53:57 W.5 32b.6 8.4 361.2 283.0 14.0 214.2 92 Vb.2 31L.4 M.9 38.3 4 0 I26 
Bote line P i  11 P i  H IIt P2 Tz lr #Me lyll Freq Eff Bt nk f i le  
psi6 OF 2 b t d l b  klbh psia OF Z Hz X 
14/12/02 10:12:313 14i.C 354.1 0 . 0  326.0 132.8 14.6 212.7 12 275.1 310.9 49.7 36.9 4 I 13:. 
14/12/82 il:3f 3: 1 3 . 6  352.3 6 . 2  32o,i 24d.7 19.8 214.6 3; 365.7 403.1 49.6 34.S 4 B i4i 
14iWE iC.:S1:43 137.2 E:.' : Z 33.7 X 7 . i  15.3 215.F bfi 446.7 466.8 #F.P S.8 4 I is1 
1 4 i i 3 6 2  :i:Li:S: i5.4 351 5 i . 4  326.4 364.1 L5.b 219.7 88 437.8 539.8 49.8 3 d  i t ;?r 
C-4 1 
Table C-8. Endurance Test Record (Ref. C, Appendix B ) ,  
Part 1 of 10 
h h i  P2 Ti Tr KC Kyh f:eq E4f K tri  
btdlo klb lh  psia @F Z Hz z 
W.1 111.9 14.6 211.6 61 869.4 W . 9  49.6 43.5 5 6 
S6b.l 112,l i4.6 2l1.5 58 810.8 858.4 49.9 43.0 S I 
563.3 110.9 14,s 211.6 57 887.2 854.7 9.0 43.6 S 8 
564.7 111.4 14.6 211.5 % 816.5 854.0 49.9 43.3 5 8 
566.2 111.2 14.4 211.6 28 W9.2 856.8 49.8 43.1 5 b 
565.9 118.3 14.6 211.S 59 882.3 649.8 49.8 43.4 5 0 
565.5 111.5 14.5 211.5 68 810.2 851.8 S0.0 43.4 5 0 
'365.6 111.8 14.5 211.5 68 813.1 860.8 9.0 43.4 5 6 
913.8 111.1 14.6 2i1.7 !i9 880.8 356.4 49.9 43.8 5 0 
564.1 111.3 14.4 211.4 58 807.2 854.8 49.9 43.3 S 0 
261.4 112.4 14.6 211.4 57 819.8 853.5 5Q.O 43,s 5 Q 
565.6 111.3 14.4 211.3 59 8t1a.7 856.4 49.8 43.3 s I 
567.5 1ii.l i4,S 211.3 61 8i9.6 857.2 49.5 41.3 i. 
5t,j,5 112.1 14.5  211.2 59 81G.i 857.0 9 . J  G 2 . 4  f 1 
5:.1.5 ; 2 . 2  14.5 21:.5 58 6 X . i  855.6 4q.C 4;.4 I t 
5~3.3 i i i . 5  1 4 , t  211.4 5s S i ? , 7  655.4 49 C 4 i  I C : 
554.: 1:l.S 1 4 . 5  2 i i . J  ab 88; 6 837.5 : S , 7  4i.j 
5:S..i I;;.; 14.5 :;;,I 5; 0.b j 83.0 4f.: hi.! i 
563.: i1 i . i  i2.S 2xi.j Si & t , L  857.5 45.; 4:.; ; L 
5 b i . 9  111.5 1;,& 2;i.t 5: 660.4 6i4.b 6G.G 63.: 5 i 
5t2 4 i i f .2  14.; 211.3 S? Ph5.4 857.1 4; E 4 i . i  E C 
5b5.6 119.3 14.5 211 3 66 888.7 856.4 Si . C  4: 5 6 
W . 6  : I i v f  1S.S 2il.0 e: bl iJ, j  659.9 45.9 4 3 . c  C in 
A4 j i i0 . i  i4 i A 1 , b  5i 819.5 ih.7 4 l . 5  4 . . r  f i. 
SaS.5 ;it ,:  1 4 . 5  213.6 ji 6C?,: 657.3 1: f 4; j i 
k c l L .  1iC,: i 4 , 4  216.8 55 858 5 8Sb.i G . 5  43.E f i 
5:5,1 1I1.i 1 4 , t  216.5 57 6b.9.: E h . 3  4s,5 4;.r : i 
5 6 . 4  1:J.I 14.4 210.7 59 0Ge.S 654.4 4G.v 4i.i i C 
r -  
202 G i i ; , .  1 4 ~ 5  iiL.7 57 E;.i.,3 83.5 5b.C 44,; i C 
%;oz 1iO.6 14,s 216.9 58 8Eb.6 854.2 49.9 44.0 5 k 
561 5 i i isS 15.5 2 i i . 5  5s 6$-.1 8 3 . 7  43 5 4Z.j i i 
561.9 ii; I 19.5 2 i i . 4  5b 612 1 85;.9 43.6 43.t : C 
5e4.8 119.8 14.4 m . 9  bo 908~2 8Si.8 43.8 44.6 s 
~ 2 . v  i i o ~  14.5 210.9 sa ar.7 856.3 49.9 44.11 s o 
50t.B 1iO.b 14.4 216,9 bf  610.6 W . 2  45.6 43.5 S 
569.9 109.8 14,s 211.1 57 807,3 854 9 49.9 43.9 5 
564,4 109.5 14.4 210.9 57 807.0 854.6 49,? 44.0 5 
568.4 118.2 14.3 210.7 57 807.4 6 5 . 0  49,9 43.1 5 
%4,1 110.3 14.3 210.5 59 809.7 857.3 49.8 43.8 5 
%3#2 111,O 11,2 210.4 S6 512.0 859.7 49.9 43,6 5 








04/03/82 02:41:45 180.6 370,4 25.4 562.4 109,s 14.3 210,7 Sb 805,9 8U,4 50,Q 44,l 5 0 173 
C-42 
Table C-8. Endurance Test Record, Part 2 o f  10 
ktt Ti* F1 Ti Si H Hi F2 12 l r  K i i e  lik Freq Eff l 2  t r i  
04/03/62 0o:41:49 18C.3 3hS.2 25.5 W . 7  109.4 14.4 211.6 56 805.7 8S3.3 53.6 44.2 3 B 
M/O3/82 11:41:S4 178.1 369.9 25,8 zbS.2 109.7 14.3 210.7 9 805.9 853.4 49.9 43.8 5 0 
04/13/82 1459% 179.8 373.0 26.2 569.1 109.4 14.5 211.3 57 815.9 853.2 50.1 43.8 S 0 
04/13/82 22:59:48 181A 371.5 26.1 W . 9  180.1 14.4 211.9 55 805.6 853.2 9 . 0  43.8 S 0 
1SIu182 02:9:S3 181.5 371.4 25.9 569.2 180.4 14.6 U0 .3  9 844.4 6 2 . 0  9 .1  44.1 5 I 
05/13/82 16:S!J:S9 181.3 371,7 25.9 566.8 108.1 i4.6 211.6 9 804.9 852.2 58.1 44.2 S C 
8S/R3l@ 11:tI:13 1 1 . 3  369.8 26.1 567.3 191.5 14.4 211.1 S 812.4 8 9 . 0  49.9 44,l 5 1 
IYW182 14:58:57 177.1 371.7 26.6 R1.5 107.9 14.5 211.3 59 W 9 m . 3  49.8 44.1 5 0 
I W W  18:23:23 177.8 3E.i 26,4 9 1 . 2  1 1 . 4  14.4 211.1 59 M9.1 856.7 49.7 43.9 S 0 
15/13/92 22:23:29 184.2 33.1 26.7 573.5 109.1 14.5 U1.5 Sb 812.0 859.8 49.9 43.3 5 1 
06/13/82 0223:s 189.9 PO.8 25.9 567.1 108.8 14.7 211.9 54 815.3 852.9 49.9 44.g S f! 
W W 8 L  IC:u::C,C 186.3 3 3 . 2  26.3 5 9 . 6  i0G.C iC.6 211.6 55 894.7 852.3 49.P 43.5 5 i 
06/03/82 i4:lU;P i76.E 3sO 6 2 t , 3  %C,3 109.3 14.4 210 4 57 807.8 8 3 . 4  49.8 45.7 5 t 
lbiG3182 i k t 2  tl  I?? E 376.5 26.0 567 4 103.5 14.5 211~8 57 818.5 855.9 49.9 44.2 5 :. 
0 b i o 3 m  ZL:O~:I: iae.7 m . 4  z0.:\ s . 7  198.8 i4.b 2 1 1 . ~  5; t w . 2  8s.s 5t.t 43.b 3 c 
37i03.6: 02:G?:14 ill.1 2 3  b b.; 56E.i 100.5 14.5 211.3 55 8JS.b 852.9 Si.& 42.; 5 i 
p x a  SF 1 btu/lb k l b h  psra d 2 Hz f 
H/W i8:59:a 1 ~ 0 . 8  373.4 26.8 574.1 109.2 14.5 211.2 811~9 49.9 43.a s I 
W03'82 16:2?:1~ 1e1.6 379 C 2f.b S . 2  1BP.b 14.4 210.5 51 814.2 851.7 56.0 4b.2 E. C 
-- - 67/0342 G&:S,L i i ,  5 j:: t i; , h 5 . o  iiG.5 I * . a  2i1.8 5s tiC4.3 851-b Si.: 44 .1  f I 
07it3!6? io::? Cb i7'9.0 2X.9 26.8 57ii.4 iG2.4 i4 .5  211.4 56 836.5 854.0 49.9 43.7 S I. 
17/03/82 14:K;311 i77.i- 372.; ir,S 572.9 108.5 14,4 211.0 58 008.2 855,6 45 7 4; 7 S 8 
3 1 8 . ' 8 2  13:G?:% 170.f 272.5 2c 5 5 i i . i  107.6 11.4 211.0 55 839.7 855.2 4;.5 4:s.t 5 6 
07/03i 'E 22:62:4:  i86.1 T j . 1  2 0 . 5  Sa5.6 i G . 7  14.4 210.9 5? 637.9 855.3 4;.6 43.5 5 6 
0tiO3t'E Ga:iG-13 . . Y a p  373 E. 2b.S 571.2 W . 4  14.5 211.4 56 8;S.O 852.5 4 i . 9  4;i.S 5 b 
0&0381 1[1:i9B3i l75.5 358.7 2o . i  % E . ;  1i8.9 14.5 3 t . 7  58 8t0,O 357.6 45.B 43.6 5 C 
oa/o3/8i c i :woc  I @ ? . !  3-5.6 L.: st,i 4 1 ~ 8 . 4  14.5 2il.6 SL, ao6.i ~ 3 . 6  49.9 43.9 s i 
08~03,a: I:.!P:v ::nt4 3-i .: ?i 7 5-2.3 :e8.3 1~ 210.8 59 889.7 057.2 49.7 43.1 c f 
t a / 0 3 ! ~  i a w 4  1762 3 ~ ;  :bat s w  101.9 1 4 ~  2 1 ~ 0  si 808.8 856.4 4 0 , ~  43 .7  s t 
GS/C3/% 22:iq.tc :&.6 333.3 2 t . 3  S7i,2 1C6.3 14 4 21C.P 50 816.8 854.3 45.9 4;.b 5 Q 
09,1)3/82 95:19:55 1 1 . 4  373.2 h . 3  569.7 106.6 14,3 210.6 56 611 6 851,i) 43.8 42.7 E i 
0i;WSi 8C2;:f: r K . 4  3-5 2 3 . 5  5 Z . 0  1:7.S i4.5 2112 55 366,3 853.9 49.5 43.E 5 1 
09/83/81 18:20;06 179.3 372.8 ia,4 570,7 107,3 14.4 211.1 58 808.5 8%,0 49,8 44.1 5 i 
03/03/E2 14:20:12 176#3 3X,3  56.7 572.5 107.9 14.4 211.1 56 810.1 857.7 49.6 43.8 S 1 
091'03/82 11:20:17 178.6 372.5 b , 7  552.4 IQ8.S 14.4 211.6 57 809.7 8572 41.9 43.5 5 : 
89/83/82 22:20:23 179.6 372.9 26.5 571.6 108.2 14.3 210.5 56 809.4 857.0 49,9 44.5 5 1 
10/83/82 02:20:29 180,O 373.1 26,6 572.7 108,1 14.5 211.2 56 810.7 858.4 49.9 43.6 5 I 
11/13/82 06:20:36 180,3 373.2 26.5 571.5 107.6 14,4 211.8 % 887.1 854.5 50.0 43,7 5 i 
11/13/82 10:21:41 179.0 372.6 26.8 574.1 117.9 14.4 211.9 59 812.1 859.8 49,8 43.6 S I 
18/83/82 18:20:54 179.2 372.7 26,7 573.2 106.9 14.4 210.8 57 809,2 856J 49.8 43.9 5 1 
18/03/82 22:21:01 180.5 373.3 26,4 570,9 107,9 14.5 211.3 55 806,s 89 .8  49,9 43,7 S 1 
11/03/82 02:21:07 179,8 373.0 26,1 572.8 108.5 14.6 211.5 55 808,2 8559 59.0 43.4 5 1 















Table C-8. Endurance Test Record, Part  3 d f  10 
Dc t ie  ?IM FI T i  B: ti h1 f2 T2 Tr NUe liMN Freq Eft' 11 i r k  C ~ l s :  
13/82 O6:2l:i4 18Q.4 373.2 26.6 572.: 107.3 14,s 211,3 55 804.8 852,3 50,O 43.:. Z i 58 
13/82 10:21:19 178.5 372.4 26.9 574,O 106.8 14.5 2i1.4 58 887.1 854.6 49.8 44.t 5 i 62 
Q/82 14:21:24 178.3 372.3 26.9 574.3 188.1 14.5 211.2 58 809.2 856,8 49.8 43.5 5 i 66 
Q/82 18:21:31 178.8 372.5 26.7 572.4 187.9 14,; 211.3 sb 888.4 0%) 49.9 43.8 5 1 70 
02:21:44 180.2 373.1 26.5 511.2 107.6 14.6 2i1.7 SS 817.2 854,8 50.0 44.0 5 1 78 
WE2 06:2i:50 180.5 373.3 26.6 572,s 107.8 14,s 211.3 55 807.2 8S4.8 58.0 43.6 5 1 82 
W82 11:21:% 179.2 372.7 26.9 94.2 108.2 54.9 2i1.9 57 818.1 655.6 49.9 43.5 5 1 86 
15/82 14:22:00 178.6 372,4 26.7 S72,b 197.6 14.5 211.3 ZB 899.2 857.1 49.8 43.9 5 1 90 
13/82 18:22:05 179,8 372.6 26.7 572.7 107.8 14.5 211.3 56 809.1 956.7 49.8 43.6 5 1 94 
W02 22:22:11 180.0 373.1 26.6 572.3 107.1 14.6 211.6 SS 888.1 855.7 59.0 44.1 5 I 98 
lW82 82:22:15 188.4 373.3 26.6 572,s 107.9 14.6 211.8 55 816.8 854.4 Sb.0 43,7 5 1 102 
13/62 06:2?:?2 18Ct4 373.2 20.7 573.2 10b.9 14.6 211.6 55 806.t 854.2 50.0 44.5 5 i i5: 
13/62 10:22:?1 179,1 f72.b 2b.C 574.1 107.2 14.6 211.5 56 8Ci3.6 856.2 45.9 43,? C i i:. 
13/82 i4:2:Z? !7E t T2.4 3 . 7  572.7 107.3 14.5 211.4 57 810.2 85; 9 4?.6 44.1 5 ! i:: 
13:82 16:22:3 179.4 372.8 ; O . Q  57:.5 ia7.1 14.5 21i.4 56 669.9 857.5 43 ,C  44.: 5 ! ii:. 
l3iSi 22:22i43 18J.b 3-i3.3 26.5 5 2 . b  i i b . 7  i4.7 212,i Si 8JF.b 855.2 5L.B 44.: S 1 .:- 
13i@ 18; ; 3': ! 2 C . F  F?i;.S i;?,: i4.5 2ii.4 j: 636.9 3 3 . 5  S:," 4 4 , f  5 1 :I: 
j/&i z; n .7; - 7.- . 5 -<. 7 < - - - '  1 f : :L:,z i-$,s :ii.4 5; i:,?,: fl55 4 4: ! F - 1: 
14:?3:02 178.6 572.1 L E  57: 8 iii,i :4.4 2 x . t  57 898.7 856.3 4?.6 43.5 5 : 12; 
1342 :2:?3-14 182 L j73.3 25.6 S Y . 5  :07 .S i 4 . 3  3 C 0 5  54 8JS.F 853.5 5 d . C  42 F 5 1 :+ 
13/82 I2*23:?I' 180 5 3?!.? 26 6 532,3 107.3 1 4 , 4  3i.l 55 884.b 852 1 SO.@ 43.7 5 : :ii 
13.82 66:23:27 1"F.b 3 C . 9  2b 7 5 T , 7  ! V . 4  14 .5  Zi1,; 5: 3 7 . 8  6 5 5 - 5  S6.i 41.t 5 I 124 
13/82 14:?3:37 177 2 37: E ?&.e  5'3.2 107.8 14.4 2iO.F 58 816.: W . 8  4C.6 42.E 5 : io. 
13/62 22.?3:43 1 3 . 6  373,s 2c S 3 1117.; 14.; 210.6 54 857.9 635.5 4?,9 43.5 a 1 1:. 
13/52 02.23 53 17? 5 3?; F 2; j 5 2 , 5  lot.: 14,3 21G.3 55 894.9 852.5 Si! 5 43  7 S i 1:; 
13ja2 06:24:1: !7C C j7: : :: ? 5 t o  C :[: iL j 54 J E ; , j  8;z.Q : f j , C  45 5 :'$ 
13/82 18:24:08 178.5 37?,4 26 8 573.: IOb 7 14.3 218.5 56 BF15,5 852.8 4-3 P 45 7 S. i iiZ 
13/82 14:35:33 179.5 375.3 2t.4 571.4 iOe.4 14.4 210.6 55 %;.I 634.7 56 5 44.5 5 i tar 
13/82 22:38:44 180.1 370.8 26,2 568.6 iOb.1 14.4 210.7 54 805.4 852.9 S0,O 44.7 5 1 113 
15/82 02:38:50 180.2 371.0 26.2 568.8 106.7 14.4 210.8 53 803.9 851,5 56.1 44.4 5 1 197 
13/62 $6:38:5 180,S 371.1 26.1 568.7 106.7 14,s 211.0 53 802.9 850.4 50.1 44#4 5 1 261 
13/82 18:39:01 179,4 370,3 26.2 %8,4 i06.6 14,6 211.1 55 807.7 85S,3 50.0 44.9 5 1 205 
13/82 14:39:07 177.7 369.3 26.7 572.1 106.8 14.5 211.1 57 806.7 654.3 49.9 44,3 5 1 209 
13/82 18:39:12 179.4 370,5 26.2 568.7 106.6 14.5 211.1 55 906.6 8543 50.0 44.6 5 1 213 
13/62 22:39:18 185,4 370,P 26.3 %9,5 106,3 14.6 211.3 53 803,7 851.3 5Q.f 44.5 5 i 217 
13/82 02:39:22 180,9 371.1 26.1 568,i 10o.? 14.5 211.4 53 882.0 849,s SC,1 44.4 5 1 221 
psia OF 1 bts/ lb klb/h psir OF I n1 ; 
1~182 2:21:1 179.9 373.8 26.7 m.1 i u . 4  14.5 2:i~ 56 m . 3  855.9 9.8 43.9 5 i 34 
a. - 
i3/@ ~ ~ . ~ ~ : ~ ~  :?c.T 3':.* 2i. 7 57: 5 i t 6 . 7  14,: 2;; 1 5j 067.8 835 3 4G.C 43,: 5 - i -  
WE l i . E 3 a E E  17; 7 372.5 ?b 5 S i  5 : b i , 2  14.4 21imi 50 Si16.i %E.; 45.; 34.: 5 1 :Ci 
-. 
13i82 1 6 : 2 3 ~ 3 3  179.i. 3'; t 2 c . C  574,s i S t . 4  i4.4 2it . t ;  56 EB7.E 834 ,b  4?.Q 43 . :  i I 1,: 
13/82 18:23:&2 176.: 3 2 . :  2c.f 5?C.7 l B , S  14.4 211,O 50 869.2 E 3 . 6  45.5 4i.5 . 1 i.2: 
i3182 10:33:3 175.6 37C f 20.3 565.t. tC7.2 14,3 2iC,5 54 806.8 854.4 S b . t  44.1 5 1 1:' 
c-44 
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Table C-8. Endurance Test Record, Part 6 of 10 
Dote Tine Pl T i  Q1 H M I  P2 12 Tr YMe KMfi ireq E f t  DC trlr 
p s ~ a  of X btu/ia Irlblt, psi0 OF X Ht X 
01/04/82 23:07:22 f79.6 370.5 26.0 567.2 105.6 14,s 211.0 54 886.3 853.9 49.9 45.2 t 1 
02/04/82 03:07:29 179.1 370,4 26.3 569.2 196.4 14,s 210,9 53 807,4 855.0 49.9 44.6 B i 
02/04/82 07:17:36 180.0 370A 26,4 570.3 10S2 14.4 210,9 53 805.9 8S3,S 9 . 0  44.6 b 1 
02/14/82 ll:07:43 178,O 370.0 26,4 571,s 105.0 14.4 2ii.O 54 805A 853.4 49.9 44.9 6 1 
02/04/82 15:07:50 177.8 369.6 26,s 570.7 102.3 14.4 210.9 56 8M04 856.8 49.8 45.1 6 1 
02/04/82 19:17:56 1792 370.4 26.3 %9,3 105.8 14.4 U8,9 54 817.7 855.3 49.9 44.8 6 1 
02/04/82 23:08:02 179.0 370.4 26.3 569,2 105.6 14.3 218.9 55 810.8 858,S 49.9 45.0 6 1 
13/14/82 03:18:19 179.2 371,7 26,4 571.3 505.0 14.4 210J 53 896J 6 3 . 9  49.9 45,1 6 i 
13/14/82 07:18:15 179.4 370A 26,l 567.9 105J 14.4 218.8 53 816.5 S4,l 49.9 45.2 6 1 
03/04/82 11:08:21 178.6 370.5 26.3 569,4 105.5 14.4 218.8 53 888,s 856,l 49,9 45.i 6 1 
03/04/82 15:18:26 178,O 370,3 26.3 569.3 1052 14.3 210,7 53 805,8 853.4 49.9 45.0 6 1 
03/84/82 19:08:31 179.5 370,9 26,O %7,2 18S08 14.3 210.8 52 805.2 852,8 50,) 44.9 6 1 
03/04/82 23:08.3k 180.0 3X,l 25.P 56c.3 lC5.9 14.3 210,9 52 803,8 61,3 5O.Q 44.9 c : 
04/84/82 @3:08:4? lH+l 371,O 25.5 M6.9 10S.b 14.5 210.9 Si 833.3 8 9 . 6  5G.G 45.1 b i 
04/04/82 I;7:08*45 177.9 Pi.8 26.: W . 7  105.4 14.4 211.0 52 805,) 852,6 50,O 45.1 b i 
C4/$4:82 11:0ii;55 I%;..:  271; 8 23.1  ioE,i ii6,3 i 4 . 4  21i.1 52 882.9 89.4 54.b  44.6 b i 
04:04iE 15:05 F I  i7E.f 3:; i 2 2 5b? 5 164.5 14.5 fi i , l  52 664.i S5:.li 51.C 4f,2 c : 
34/04!8? 1S:Vq::f. 18. C 3'6.9 2 3 . 2  563 8 :66 P lC.5 ? i I , i  53 0G7,4 855 0 55,O 4;,2 t i 
(A/:16 $2 2!:OJ*iq t 2; G 566 j ! ( b  : 14.6 C11,2 5; 843 2 6jg.7 50 .0  4 ; , 1  t. 1 
05/04/82 03:69.;1 iE-.L F i  A k,L 56i.2 liG,l :4.3 211,2 51 8G.S 83,4 5C.C 44.3 E ! 
OS/kM/EZ $7:87 2- i i i . 1  37; 5 55 9 Sb6.7 i05 .5  14.4 2ii,2 51 BGj,l 651.5 5b.l 44.5 b : 
f l j / ~ O / @  11;?*3,j: i-" C 5': 2: 2 56: 0 fBb.4 14.4 31,3 55 854.b 1\'j?.: 4%,9 44,7 b : 
WE4162 19:0S:43 197 .8  376 1 26,O 567.0 l h . 6  i4.5 211,3 53 818.2 856.0 5G,O 45.6 t I 
liSi04.'82 23:EP:J5 1F.i.3 371.1 2s.; St?.; 105.2 14.5 31.4 51 883.6 051,? S8,i 45.; 6 1 
06/04/82 I;7:09:5S 179.5 37i.i 2 ~ ~ 0  566.7 105.5 14.6 251,s 51 001,6 849,i 5t . i  41,s b i 
06/64/62 11:i(t:ts5 !7i 4 376.2 26 3 569,s 1uS.S 14,b 211,4 53 8b3,8 850.5 49.3 44.9 b 1 
CiIdPS i5;G:l: 175 9 37;,t ?b 2 568.3 106.: 14.0 ?:!.3 54 6Gt 9 e54.5 4".9 45,; t 1 
06/04/62 19:IG:lb 1Fst  370.r 26.1 568.2 1E.e 14.5 31.3 52 % 5 , S  82,9 50.6 45.0 b 1 
O6/C4/P2 2j:16!20 !i?6.2 37c.? 26.1 567.8 lDb,l 14.3 211.3 52 8iie.9 854,s s U , O  44.6 b i 
07/04/82 C3:fC:22 120.1 371,O 20~1 Sb7.b 105.0 14.5 21i.3 52 613.7 851.2 S6.b 45.3 t 1 
67/04/82 0?:59:3? i8i ,B 3 3 , G  2 t . 2  56F42 104.9 14.4 2i1.2 51 003,F 851,4 56.0 45,O 6 1 
07/04/82 11:59:3 l?Q S 3?C,S Zb 1 567.8 105,8 14.5 21i.2 53 805.4 853,O 49,9 45,l 6 1 
07/04/82 15:59:44 179.8 370,L 26,3 569.8 104.4 14.4 211.1 53 805.7 853.3 50.0 4 S 2  6 1 
07/04/82 19:59:49 180.0 370,7 26.2 56&7 105.6 145 211.1 53 805,2 852d 50,O 44,9 6 1 
17/04/82 23:3:54 18i,8 370.9 26,3 SbP.7 105,3 14,4 211.1 51 805,l 852.7 50,O 44,8 6 1 
08/04/82 04:OO:OO 179.8 37i,O 26,3 570.1 104.6 14,s 211.0 52 805.3 852.9 50,O 452 6 1 
08/04/82 08:Ol:Ob 180.4 370.8 26,2 568.9 1OS.S 14.4 211.1 51 8049 852.5 50,O 44.9 6 1 
08/04/82 12:OO:ll 180.6 371,O 26.2 569,4 104,7 14.4 211,l 52 807,O 854d 49,9 45.2 6 1 
08/84/82 16:00:16 181.3 370,9 26,l 568,4 105,O 14,s 211.0 52 808,6 856.3 SO,$ 45,4 6 1 
651'fi4/82 15'c9'jb f?*: . z  37C.i 2.6.4 4 !65 .?  IC b ?12,3 54 8i)S 4 853.0 49.9 b i 
Ob/!4/0! 03:U~:ii lEf,t 371 C 26.0 567.5 lOS.? 14.5 211.4 51 83bs1 853.7 5C.l 45.1 b ! 
08/04/82 20:00:22 180,3 37009 26,l 568.4 105.4 14.4 211,O 52 806,7 854,3 49,9 45-1 b 1 167 
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Table C-8. Endurance Test Record, Par t  8 of 10 
Dote Tine Pi T i  P i  H Mi P2 12 l r  
psi0 OF X btu/lb &lb/h psi0 OF Z 
1W04/82 00:05:03 17k6 370.1 26.3 %9,0 104,7 14A 210.7 P B 
16/04/82 14:05:19 179.3 378.4 26.3 569.4 104.0 14.3 213.8 51 E 
iuo4/az oe:ms:is i 7 8 ~ 1  no .3  26.3 5 6 9 ~  m,o 14.4 211.1 Q I 
~WI~/IIZ 12:15:20 177.9 3 6 9 ~  26.3 569.2 1os.i 14,s 211 .19  a 
i;l/we 10:fis:ss 178.4 369,9 26.4 510.3 104.3 14.5 a1.2 Q a 
i m / 8 2  M:Is:~~ 179.0 n0.5 26.3 569.4 i w . 0  14.5 211.2 si 0 
16/01/82 16:15:6 177.5 369.4 26.3 569.1 114.7 14.4 211.1 5) 8 
16/14/82 21:15:3@ 178.3 369.8 26,2 S68.S 104.4 14.5 211.2 S3 8 
17/04/82 08:05:48 177.9 369A 26,s 270A 104.1 14.5 211,3 53 8 
17/04/82 i2:1S:52 176.9 369,1 26,s 511.0 104.8 14.7 211.3 55 8 
17/84/82 16:06:00 177.4 369,4 26,3 !i60,7 104.9 14,b 211.3 56 8 
17/04/82 20:06:06 171.7 369,7 26,b 57iA 104,8 14.6 211.3 53 E 
i8/04/E2 00:Ob:il 177.6 369.6 26,4 570.0 i04.3 14.6 211.4 54 E 
18/04/02 04:06:19 1V2? F6.1 26,3 569.3 103.9 14,4 211,4 52 E 
18/04/82 08*06:24 179,P 376.4 26.3 %9,3 10LE 14.6 211.5 51 E 
18/G4/82 12:Ob:St 176,i 369.0 26.8 572.6 103.7 14,6 211.4 56 E 
18/C4/82 io Ob:& i7s.4 w . 9  26.5 ~ 1 . o  104.0 14.5 211.4 53 a 
16/84/62 20:06:44 175.9 369.6 26.5 571.4 I G . 5  i4.5 211,4 53 ti 
19/04/82 08:06.49 i78.4 369.9 2&,4 570.1 104.0 14,s 2i1.4 53 E 
19/04/02 04:06:54 176.6 370.1 26.5 570,8 104.i i48S 211,3 51 E 
19/04/62 08:06:59 176.5 370.0 26.& 572.0 103,4 14,s 211.4 52 8 
19/04/82 12:07:06 :75.0 370.2 26,6 571.8 102.9 14,5 211.3 52 E 
19/04/@2 16:fl?:iZ 178.5 37C.1 26.4 590,4 103,4 14.6 211.1 52 8 
19/04/82 20:07:i7 17tin7 370,2 26.5 570,8 103,f 14,s 211,1 52 E 
20/04/82 GU:07:25 i78,b 376,1 26,b 57l,7 163*3 14.4 211.1 51 8 
28/(14/E2 04:87:28 178,8 370,1 26.4 570.2 10:,4 14.4 211,O 52 8 
20/04/8! 08:17:35 178.5 369.9 26.5 570,9 103,6 14.5 211.1 52 8 
20/04/02 16:07:45 178.1 369,T 26.6 571.8 1G3,7 14.4 211,O 54 8 
26/04/82 2O:G7:5i 173.4 369.9 2o,6 572.0 id3.2 14.4 211,G 52 8 
2U/04/82 12;0;:4c 1 7 x 1  309s 26.7 572.i i04.s i4 ,4  211.1 54 8 
2 1 / t w ?  o?T.z:. 1 7 ~ 0  ~ o . 1  2 6 ~  572.6 102.6 i4 ,4  211.0 52 E 
21/04/82 08:oa:os 178.9 369.5 20.7 575,2 1lri.i i4.2 i1i.0 51 E 
21/84/82 12:08;10 178,O 369.4 26.7 572,2 102,3 14,s 211,1 53 8 
21/04/82 16:08:17 176,8 369.3 26,7 572,3 102,6 14,4 210.8 53 8 
21/waz 20:08:24 i m  369.d 26.7 ~ 2 . 6  1 0 3 ~  14.4 2 1 0 ~  9 8 
WW/E oo:oe:a 177.5 369.7 26.6 5 7 ~ 1  03,s 14.4 silt 9 a 
22114182 0 4 : o m  178,s POJ 26,s ~ 7 1 ~ 9  1 0 2 ~  14.5 210.9 st a 
21/04/b2 84:08:08 175.3 3?6 2: " 5 Z - I  iOie9 i 4 , 4  21100 51 8 
22/04/82 08:08:39 176,6 3 7 0 , O  26,6 S71,b 102,6 14.4 211,1 Si 8 
22/04/82 12:08:4S 177,b 369,4 26,s 570.8 102,8 14.4 211.1 53 8 
22/04/82 16:08:51 178,l 369.7 26,8 573,b 103,O i4,5 211.0 52 8 
22/04/1x 20:08:57 m,4 m i  26,s 5 7 1 ~  103.3 14.3 2 1 1 ~  52 a 
I (Ye K Y n  Freq Lff DC trk fde 
16.9 851.6 50.2 45.4 7 0 56 
14.5 852.1 50.2 45,3 7 0 60 
I4,O 851.5 S1,1 45.5 7 0 64 
15.5 me1 49.9 45.3 7 1 68 
16.9 K 4 . S  49.9 45.5 7 0 72 
14.7 852.3 49.9 45.7 7 0 76 
I4.t 851.5 st.1 45.3 7 1 80 
9.6 89.1 9 . N  45.5 7 0 84 
14.9 852.4 49.9 45,6 7 1 88 
16.1 653.7 49.9 45.7 7 0 92 
17.5 8SSo1 49.8 45.7 1 8 96 
t6-i 853.6 49.9 45.3 7 0 i b 2  
17.5 855,1 49.9 45.0 'I C IC: 
13.3 8SC,8 49,9 4S.b 'I 2 :Z 
13.3 850.9 54.0 45,E 'I I ;;i 
17.8 855.5 49.9 45.6 7 C if;- 
16,6 854.2 49.9 45.5 ; ;I i;i 
14.6 852.2 45,P 45.5 7 e 2 3  
15,1 852,7 50.0 45,s 'I G 132 
i6.4 854.8 49.V 45,7 7 0 i5: 
14,4 852.0 49.9 45.9 I 0 
14.7 852,2 49.9 45,8 7 0 14b 
14.3 851.8 49.9 45.5 1 i i% 
15.2 852,7 49.9 45.; 7 0 f5: 
14.1 851,7 49,9 45#5 C 161 
,0 ,7  858.4 49.8 45,4 1 t 16; 
15,3 852,9 50,i 45.5 7 f. i 2  
15.1 852,7 50,1 45.7 7 0 1% 
14.6 852,2 50,O 45.8 7 0 113 
13.4 85i,O 59.0 45,s 7 0 164 
16,8 854J SO,1 45.9 7 0 192 
14.8 85214 58.2 45.4 'I 8 i9b 
D17 851.2 50.2 45,s 7 0 200 
DA 61 .9  50.3 45,8 7 0 204 
12.9 6 0 , 4  50.2 45.8 7 0 290 
15.8 853,s 50.2 46.6 7 0 212 
16.3 053,9 s0,2 45,6 7 0 216 
17.3 855,O 50,2 45,b 'I 0 220 
Hz x 
16.1 853.7 49,8 45,7 7 I l i b  
14.6 852,1 4989 45.7 7 (. 14:; 
,Os2 857.9 50.0 45,b 7 1 10;. 
ISA 853.0 49.9 6 . 1  7 o 188 
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Dgtc Time P i  T i  Ui 5 Mi P2 12 l r  
 pi^ OF Z t ; ~ l b  k l b i n  yrro 6 X 
23/04/82 00:09:02 17E81 Z9.9 26.6 572,i 102,1 14.4 211,1 51 8 
23/04/82 04:19:89 178.9 370,2 20.6 571,b 1C2.4 14.4 210.8 50 9 
23/@4/82 14:14:0: 179.6 3b87 26,7 S73,2 102,i 14,3 210d 49 8 
23/04/82 2 2 ~ 4 1 4  178.8 390.2 26.7 572,s 102.2 14,3 21047 50 8 
24/14/82 02:15:19 178.2 80,2 26.9 S73J 102A 14.2 211,7 50 8 
24/04/82 16:14:26 179,l 370.6 26.8 S73,4 501,7 14.3 210.7 49 8 
24/14/82 10:14r33 177.7 369.7 26.7 572.3 101,S 14.3 21Ba7 Si 8 
24/84/82 18:14:47 17&3 369.9 26.9 9 4 3  101.5 14.2 210.7 51 8 
24/04/82 22:14:52 178d 370,4 26,7 573,)  101d !4,3 210.7 49 8 
25/04/02 02:i4:59 178,5 370,3 26.5 571,2 102,O 14.3 210,7 47 8 
25/04/82 06:15:06 175-8 SIR,? 26,8 573,s iO1,O 14.4 210m7 50 8 
25/54/€2 14:iSiit 177.9 361 t. 27 0 574.0 102,2 14.4 2iC,S 51 8 
25/04/02 18:15:23 1713~5 363,9 2t,9 574,s 101~5 14,s 210,7 51 a 
25/64/82 22:15:2i !?E#7 370.3 25 F 574,5 161.3 14,; 210.3 50 8 
26/04/Z 02;1S:S2 176.6 33-4 2b.d 5 3 , 2  iCi,5 i + , 3  Z1S.E 4; 6 
26/04/82 06:15:37 18Ca9 371,J 20.6 552,5 1Ci.Z 14.5 2rG.8 48 8 
2 3 1 0 ~ 8 2  18:i4:io 1 n n 7  369.7 26.8 572.9 112.0 14.3 210.7 52 8 
24/14/82 i 4 : m  in.1 369.5 26.7 MJ 102.5 14.3 210.6 si a 
25/04/82 10;Ai:i: 177.5 3tg,? 2bt9 573,6 iOi.7 14.3 21C.8 52 6 
26/04/a2 io:is:~ i78.i 369.8 i7.2 577.0 i o c . ~  14.9 2 1 0 ~  so 8 
w04/8i 14:is:so i7?s 369.6 26,9 573.9 102.4 14,s 210~8 si a 
26/04/82 18:lS:SS 176.6 369.4 26.9 573.7 101.6 14 3 210,7 53 8 
26/04/82 E:ib:Oi 178.9 369.9 26.8 V4.0 101,S 14,3 2i0.6 50 8 
27/04/82 02:ib:C7 179.5 370.1 26,9 574.8 1hJ1 1 4 , j  21003 50 8 
27/94/82 06:16:12 181.4 37imi 26.7 573.6 101,4 14,: 210-0 48 8 
27/04/82 10;16:16 369.9 26 .b  572,i l82,4 14.1 211.5 47 8 
27/64/82 14:16:21 176.3 36P.T ?t 9 574.2 10i99 14.1 209.9 50 8 
27/04/82 18:16:28 177.1 369,9 27.0 574.6 1Oi.5 i4.2 210.3 50 E 
28/04/82 02:i6:37 180.2 3 1 . 0  Sb.7 i7:,0 161,7 14.3 210.5 48 8 
28/04/82 06:16:43 1aLO 37fi5 26,7 5?3.4 i01,3 14,3 210,8 48 a 
28/04/82 iO:i6:50 179.8 3711,4 2 6 , b  572.b 101.6 14,4 210.9 49 a 
28/04/82 14:ib:Sb 175,4 368.8 27.2 SIS,? i00,7 14.4 210,9 54 8 
28/01/82 18:17:02 18OJ 371,3 26.5 572.2 101J 14-5 211.1 48 E 
28/04/82 22:17:08 180,4 37i,2 26.9 574,9 1OOd 14,b 211.3 48 E 
29/04/82 02;17:16 17?A 370,O 27,O 574.8 100,7 14,s 211.3 59 E 
29/04/82 06:17:22 l82,2 371.7 26.7 S74,2 IOi,, i4.6 211.4 43 8 
29/04/82 10:17:28 I77,S %9,6 26.8 93.4 102,8 14.5 211.5 52 8 
29/04/82 18:17:39 177,s %9,8 2 7 , b  574.5 101,9 14,4 21i.2 52 8 
29/04/82 22:17:45 179,3 370.6 26,8 S74,O 100,9 14.5 211,2 49 E 
31/04/82 02:17:SO 5794 371,1 26,8 574.4 100,O 14,s 211.2 48 8 
27/04/82 ~2:ib.u 176s 26.7 ~ 7 2 ~  102.1 1 4 , ~  213.: SI, a 
29/14/82 i mxi 179.2 3 7 0 ~  2 6 ~  5 7 4 ~  i o i ~  1 4 ~  211.2 so a 
K 
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Table C-8. Endurance Test  Record, Part 10 of 10 
Y :Yo KYW Freq Eff 3L trk f i le  
11,s 849.1 50,1 46,2 7 1 108 
12.7 89,2 50,2 46 i 7 1 112 
13,4 %1,0 SO,? 45.9 7 1 116 
14,2 851.7 51,l 46.0 7 1 120 
l4,l 851.6 51,4 45.8 1 1 124 
13.3 851d 51,2 46,2 7 1 128 
17.7 8553 Sent 46,1 7 1 132 
13.6 851.2 50,2 46.1 7 1 136 
l4,3 851.9 51,2 46.1 7 1 140 
14.8 852,4 50,l 46,O 7 i 144 
12,9 850.5 50.1 46.2 7 1 148 
10~9 848,4 5O.i 45,9 7 I 152 
14,O 851.6 50.2 46,;" ? I 15c 
H I  x 
2nI P,fab 51t2 45.9 7 i 16!! 
14.3 851.9 5k.i 4 6 . 1  7 i w 
3.1 851.2 5G.2 4a . i  Ti 1 id 
12,5 856,O 51,I Ai,; S 1 i7: 
~ 4 ~ 9  8'12,5 SCoL 4c . i  7 i I-c, 
#1.4 84',F 51.2 45.5 7 I iii- 
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